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The incorporation of nitrogen into tetrahedral amor-
phous carbon � lms (ta-C : H) was investigated as a
function of different gas sources, ion energies and
substrate temperatures. Samples were deposited using a
highly energetic plasma method: electron cyclotron
wave resonance. Composition was measured by nuclear
techniques or by XPS. The optical gap was determined
by re� ection and transmission measurements of sam-
ples deposited on quartz substrates and the bonding
state was investigated by Raman and infrared (ir)
spectroscopy. All the results suggest that tetrahedral
bonding is lost, as the nitrogen content increases
independently of the deposition parameters used.
Structural changes indicated a more polymeric

structure with the formation of >C~N, – C¬N and
>NH groups. SE/S271
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INTRODUCTION
The deposition of amorphous carbon containing
nitrogen has received particular attention since the
theoretical prediction of a metastable phase equiva-
lent to the crystalline phases of silicon nitride, i.e.
a- and b-C3N4.1 ,2 According to these predictions,
C3N4 might exhibit hardness and thermal conductiv-
ity values comparable with those of diamond.
However, most attempts to synthesise this compound
have yielded amorphous material with a nitrogen
content lower than expected (N/C~4/3) and a low
fraction of sp3 bonded carbon.3 In only a few cases,
incomplete evidence for the formation of small cry-
stallites embedded in an amorphous phase has been
presented.4,5 Nevertheless, there has been consider-
able effort to synthesise amorphous carbon nitride
(a-CNx) � lms.6 These are known to have interesting
tribological properties and can be used as wear
resistant � lms, e.g. for coating magnetic hard disks.

There are four basic types of carbon nitride � lms.
The � rst type is a-CNx prepared by reactive sputtering
in which carbon is usually sp2 bonded (>70%), and
the nitrogen does not cause signi� cant changes in the
state of hybridisation of the carbon.7 The second type
is ta-CNx prepared by the � ltered cathodic vacuum
arc (FCVA).8,9 Here, the carbon is mainly sp3 bonded
(>60%), and the addition of nitrogen causes the
carbon to become more sp2 bonded. The third type is
a-CNx : H prepared by conventional plasma enhanced
chemical vapour deposition (PECVD) using source
gases such as methane and ammonia or nitrogen.10 In
this case, the carbon atoms have a moderate fraction
of sp3 bonds (40 – 60%), but the network is not
particularly dense or highly connected because of the
sizeable fraction of hydrogen (>30%.) The fourth
type, ta-CNx : H, can be prepared from a high density
plasma source, where the hydrogen content is lower
(~25%), and the carbon sp3 content is higher
(>60%).11

The present paper reports the results of the
chemical composition, bonding structure and optical
properties of ta-C : N : H � lms deposited by an

electron cyclotron wave resonance (ECWR) source
using N2/C2H2 and N2/CH4 plasmas and experimen-
tal parameters based on the preparation of good
quality tetrahedral amorphous carbon � lms (ta-C : H),
since this might be expected to promote the formation
of sp3 CN bonds.

EXPERIMENT
The ta-C : N : H � lms were deposited using N2 and
hydrocarbons as the source gases in an ECWR
plasma beam source onto silicon # 100$ and Corning
glass substrates as a function of N2/C2H2 or N2/CH4
gas � ow ratio R~0 – 7, ion energy 40 – 110 eV and
substrate temperature 30 – 600°C. The ECWR plasma
source comprises a wide single turn electrode sur-
rounded by two Helmholtz coils by which a static
transverse magnetic � eld (~12 G) is applied. High
plasma densities can be produced by a resonant
mechanism established by the interaction between the
static magnetic � eld and the inductively coupled rf
current applied to the single turn electrode.12 The ion
energy is controlled by an electrostatic acceleration
extraction system, therefore permitting independent
control of the ion energy (through variation in the
plasma potential) and the ion current density (by rf
power and pressure).13 The pressure prior to deposi-
tion was less than 561026 mbar, and during deposi-
tion remained below 561024 mbar. However, small
variations occurred as the nitrogen to hydrocarbon
gas ratio was varied from 0 to 7 (the total � ow varied
between 10 and 30 smL min21). A Faraday cup mounted
in the substrate holder was used to measure the ion
energy and ion current densities. The measured
current density varied between 0.35 mA cm22 and
0.2 mA cm22 as a function of the nitrogen partial
pressure owing to the higher ionisation energy of
nitrogen (14.6 eV) compared to acetylene (11 eV) or
methane (10 eV).

Rutherford backscattering (RBS) and elastic recoil
detection analysis (ERDA) were used to determine
the nitrogen and hydrogen content, respectively.14

For the methane samples, the composition was

DOI 10.1179/026708404225010612 Surface Engineering 2004 Vol. 20 No. 1 17



determined by XPS analyses carried out with a
Thermo Scienti� c Multilab 2000 using the Al Ka line
(1486.6 eV). The bonding structure was determined
through infrared (ir) spectroscopy (BONEM DA-3)
in the range 400– 4000 cm21. A total of 300 scans
were used to improve the low signal to noise ratio due
to the small thickness of the � lms. Unpolarised Raman
spectra were recorded in backscattering geometry
using 514.5 nm excitation from an Ar ion laser and
a Jobin-Yvon T64000 triple grating spectrometer.
The resolution was about 3 cm21 and care was taken
to avoid sample damage during measurements. The
sp2 carbon fraction was determined by electron
energy loss spectroscopy (EELS) carried out by
STEM in a Vacuum General HB501 microscope
with a dedicated parallel EELS spectrometer. The
optical gap was derived from transmission and
re� ection measurements.

RESULTS AND DISCUSSION
Effect of ion energy
The results in previous papers refer to ta-CHN samples
deposited at ion energies of 80 eV.15 However, the
present study is interested in determining the effect of
the ion energy on � lm properties. Therefore, two
series of samples were investigated: a series of samples
was deposited at the same N2/C2H2 ratios as the
previous ta-CHN samples at 80 eV, but using 40 eV.
In the second part of the experiment, the N2/C2H2
was � xed at 1.35 and the ion energy was increased
from 40 to 110 eV.

Comparison between various N2/C2H2 at 40 and
80 eV
Figure 1 compares the deposition rates as a function
of the N2/C2H2 ratio for samples deposited at 40 and
80 eV. Curiously, similar values were obtained for
both energies. The decrease in the deposition rate for
the two series limits the growth of CN � lms under
high nitrogen partial pressures. The composition (N
and H content), as measured by RBS-ERDA, is
shown in Fig. 2 as a function of the N2/C2H2 ratio.
Both series showed the same trend; the nitrogen
content increases rapidly and then saturates to a value
~30 at.-%, whereas the hydrogen content gradually

decreases. The combination of the high ionisation of
the nitrogen gas and low energy bombardment allows
the nitrogen content to attain higher values than those
reported by conventional PECVD systems. However,
there is also a saturation of the nitrogen content as
reported in many other papers and suggested to be
due to the formation of N2 at or below the � lm
surface.

The major difference between the samples is the
optical gap that is slightly higher for the 40 eV
samples, clearly seen in Fig. 3. This � gure shows the
E04 gap as a function of nitrogen content in the � lms.
This was the � rst indication of the more polymeric
character of the low energy samples.

The ir spectra of the higher nitrogen content samples
are shown in Fig. 4 for both series. Unfortunately, a
high background due to light dispersion in the rough
back surface of the silicon substrate made the com-
parison of the ir peak intensities very dif� cult. However,
the broad asymmetric band (~1000 – 1600 cm21) and
the NH absorption band (3300 cm21) can be clearly
seen above the background, but there is no evidence
of CH (<3000 cm21) bonding. There is no unique assign-
ment for the 1000 – 1600 cm21 band and, according
to the authors’ interpretation of the ir spectra of CN
� lms presented in previous papers,15,16 it is mainly
due to the delocalisation of p electrons among the

1 Growth rate against N2 to C2H2 and CH4 ratios for
samples deposited at 40 and 80 eV

2 Nitrogen and hydrogen content (at.-%) as function of
N2/C2H2 ratio for samples deposited at 40 eV

3 Variation in E04 optical gap as function of nitrogen
partial pressure for samples deposited at 40 (d ) and
80 eV (s )
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sp2 sites, with the corresponding enhancement in ir
absorption. The asymmetry at 1600 cm21 is charac-
teristic of hydrogenated samples and, although it is
neither a direct CH nor a NH vibration, it could be a
C – C vibration enhanced by the presence of hydrogen
as a third neighbour. An important characteristic of
the 40 eV samples is the higher transparency in the ir
region, demonstrated by the appearance of the SiO2
peak (1100 cm21), not observed in the 80 eV samples
of similar thickness.

The Raman spectra of the corresponding high
nitrogen content samples are shown in Fig. 5a. The
main features in the spectra are the G (1568 cm21)
and D (1300 cm21) peaks and the smaller L peak at
700 cm21. The only detectable difference was the
increase in the background for the 40 eV samples.
Figure 5b shows the ratio between the slope of the
linear background (~1880 cm21) and the G intensity
as a function of the nitrogen content for the 40 eV
sample.

Previous work has shown there is no need for the
introduction of new peaks in the Raman spectra of
CN � lms.17 Therefore the G (due to C – C sp2 bonds)
and D (due to aromatic rings) peaks were � tted
simultaneously by a Breit – Wigner – Fano function
for the G peak and a Lorentzian for the D peak. The
trend in the Raman parameters, G position and I(D)/
I(G) are plotted in Fig. 5c as functions of the nitrogen
content. Both parameters increase with the nitrogen
content, suggesting a nitrogen induced clustering of
the sp2 phase, composed by either aromatic or
heteroaromatic rings.

Fixed N2/C2H2 and variable ion energy
The effect of the ion energy on the properties of the
� lms was also investigated by � xing the N2/C2H2 ratio
and varying the ion energy. For this series, the � lms
deposited at higher energy contained a lower percen-
tage of hydrogen as shown in Fig. 6a and in good
agreement with previous results for ta-C : H � lms.18

Consequently, with the percentage decrease in hydro-
gen, there is an increase in the mass density, as shown
in Fig. 6b.

However, the effect of the ion energy on the
nitrogen content is not clear. The nitrogen content
decreases by only a small amount from 18 to 15 at.-%

as the ion energy increases, but the values are within
experimental error.

The variation in optical gap with respect to the ion
energy is shown in Fig. 7. The optical gap (E04)
decreases from 2.2 to 1.6 eV as the ion energy is
increased.

4 Infrared spectra of samples prepared using 40 and
80 eV

5 a Raman spectra for 40 and 80 eV high nitrogen con-
tent samples; b background intensity normalised to G
peak intensity for 40 eV sample as function of nitrogen
content; c G position and I(D)/I(G) intensity ratio as
function of nitrogen content
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Discussion of effect of ion energy
Film properties changed from more polymeric, soft
and wide band gap, to diamond-like, hard and lower
band gap, as the ion energy increased, in a similar way
to that of a-C : H � lms. The ion energy had its major
effect on the hydrogen distribution; sp2 CH bonds are
probably broken, hydrogen is released and new C – C
sp3 bonds are formed. This was con� rmed by a small
increment detected in the C sp3 fraction, measured by
EELS. However, the lower hydrogen content and its
preferential NH bonding allows a higher degree of
clustering of the sp2 phase, with a subsequent decrease
in the optical band gap. The more polymeric charac-
ter of the low energy � lms is clearly seen by the wide
optical gap and the strong photoluminescence back-
ground in the Raman spectra. Although no lumines-
cence measurements were made, the background
radiation observed in the Raman spectra is known
to be due to photoluminescence (PL).19 This back-
ground is usually present in a-C : H � lms with high
hydrogen contents and its enhancement is related to
a higher PL intensity. According to Marchon,19 the
ratio between the slope of the � tted linear background
and the intensity of the G peak can be used as a
measure of the bonded hydrogen content. The larger
the ratio, the higher the hydrogen content and also
the greater the polymeric character of the � lms. It
should be noted that, in a-C : H � lms, the PL intensity
increases with the hydrogen content. However, for
these ta-C : N : H samples, the hydrogen content does not
increase. Therefore, the mechanism which enhances
the PL intensity in these samples is different from
that in a-C : H samples. The enhancement of PL
intensity with the increase in nitrogen content in
polymeric a-C : N : H � lms was previously reported

by Mutsukura,31 but the origin of this effect is still
an open question.

Effect of substrate temperature
High substrate temperature is usually a drawback for
the deposition of carbon � lms, because a transition
from highly sp3 to sp2 bonded carbon occurs at
temperatures above 200°C.17 However, in order to
obtain diamond or cBN, substrate temperatures above
800°C are necessary.20 In these cases, a high substrate
temperature is necessary to give enough adatom
mobility to allow the atoms to be accommodated in
the appropriate lattice positions.

A common effect of high substrate temperatures in
CN � lms is a decrease in the deposition rate and
nitrogen incorporation. The composition of the
sample at room temperature (RT) was 23.2 at.-%N
and 27.7 at.-%H, as measured with ERDA-RBS. It
has been reported in several papers that the nitrogen
content decreases with increasing substrate tempera-
ture TS.21 However, the effect is stronger for substrate
temperatures above 600°C. The � lm composition (N
and H at.-%) for the samples deposited at high
substrate temperatures could not be measured during
the period of this research. Nevertheless, � lm pro-
perty variations are reported as a function of TS,
keeping in mind that the nitrogen content might be
slightly decreasing.

The ta-C : N : H samples were deposited using a
� xed N2/C2H2 ratio of 2.5, equivalent to ~30%N2 in
the gas phase. The temperature was increased from
RT to 600°C. Figure 8 con� rms that there is a

7 E04 and Tauc gaps for ta-C : N : H samples against ion
energy

6 a Hydrogen content as function of ion energy; b mass
density vs ion energy

8 Deposition rate as function of substrate temperature
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decrease in the deposition rate. This effect is related to
an enhanced evolution of the volatile species, such as
(CN)n or HCN, but also a higher diffusion rate can
easily increase the removal of N2 molecules from
within the sample.

The evolution of the ir spectra and quite drastic
changes in the 1000 – 1600 cm21 region can be seen in
Fig. 9. At RT, this band is asymmetrically towards
1600 cm21, as for many a-CNH samples, but as TS
is increased, the broad band becomes asymmetric
to lower wavenumbers. Yap et al.32 observed similar
changes for CN samples deposited by laser ablation
at high substrate temperatures. He interpreted the
increase in the 1300 cm21 band as a rise in the frac-
tion of CN single bonds. However, this is debatable,
as there is considerable uncertainty in the assignment
of this broad band.

The Raman spectra shown in Fig. 10a were � tted
with a BWF function for the G peak and a Lorentzian
for the D peak. The results of such a � tting are shown
in Fig. 10b. The I(D)/I(G) intensity ratio and the G
position increase linearly with substrate temperature,
indicating that the sp2 sites are ordering into larger
aromatic clusters.

The variation in the optical gap with substrate tem-
perature is plotted in Fig. 11. The band gap declines
gradually with TS. The E04 drops from 1.6 eV to
0.7 eV for temperatures above 350°C and then
remains unchanged.

Discussion of effect of substrate temperature
For ta-C : H � lms, Sattel et al.33 showed that the � lm
properties (percentage sp3, density and mechanical
properties) present two transitions as functions of the
deposition temperature: a lower transition T1~250°C
due to graphitisation of the C – C network and a
second T2~400°C due to a loss of bound hydrogen,
while the band gap decreases gradually, even for
temperatures below T1, in a similar way to that
observed for ta-C � lms,18 where the � lms below T1 are
sp3 bonded with gap decreasing gradually. Between
T1 and T2, they have a soft, disordered sp2 structure
with a gap ~0.5 eV. Above T2, the � lms are highly
graphitic, where the gap has completely closed and a
Raman spectrum is similar to nanocrystalline gra-
phite; showing two sharp D and G peaks.

For the present samples, the variation in the
Raman parameters and the optical gap correlate
well. The substrate temperature provides the energy
needed to gather the sp2 sites into larger clusters.
Therefore, the gap varies inversely with the cluster
size, which increases as the substrate temperature
increases, explaining the decrease in the gap.

For a carbon � lm, this behaviour suggests ‘graphi-
tisation’ of the sample. The band gap shrinks,
conductivity increases and the Raman spectra show
an increasing I(D)/I(G) ratio. However, Fig. 12 shows

9 Infrared spectra of ta-C : N : H samples deposited at
different substrate temperatures

11 Optical gap v. substrate temperature

10 a Raman spectra of ta-C : N : H � lms deposited at
different substrate temperatures; b Raman parameters
v. substrate temperature
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that the Raman spectra of ta-C : H deposited at 520°C
is quite different from that of ta-C : N : H deposited at
a somewhat higher temperature. This is an indication
that the presence of nitrogen in the samples inhibits
graphitisation. In this case, graphitisation means the
ordering of the graphene planes along the c axis. This
� gure shows clearly why the term graphitisation for
CN � lms is incorrectly used, since nitrogen inhibits
complete ordering of the graphene layers. This is
probably because the presence of nitrogen in the
structure tends to cause the graphene units to become
curved.22

There is no contradiction between the results of the
previous section, where as the nitrogen content was
increased, an ordering of the sp2 sites was detected,
and these results, in which even at high temperatures
some disorder is still present. The previous section
stated that at low nitrogen content, nitrogen induces
the formation of sp2 clusters, but at higher concen-
trations this tendency seems to cease as no further
ordering is observed for N>20 at.-%. This is most
likely due to the low stability of the large plane
structures. Similarly, with the increase in substrate
temperature, ordering of the sp2 sites is occurring,
but as nitrogen is present, the graphene planes are
interrupted by nitrogen atoms bonded to the edges
or by crosslinking between the planes, limiting the
degree of ordering needed to graphitise the sample.

Effect of hydrocarbon gas
It is important to ascertain the effects of plasma
species variations on � lm properties. Therefore, optical
emission spectra as a function of the nitrogen partial
pressure were measured prior to deposition. The
emission spectra of a pure acetylene plasma show
emission lines superimposed on a broad background,
which is attributed to electron transitions within the
plasma.23 The most intense absorption lines are those
related to CH excited species at 390 and 430 nm and
the Ha at 655 nm. The CN band and all the nitrogen
associated bands increase, while the CH bands
decrease, as the N2 partial pressure increases. This
has a marked impact on the growth rate of the � lms,
as shown in Fig. 1.

The emission intensity of methane plasmas is not
obscured by an intense background as in the case of
acetylene. Therefore, a more detailed study of the
variation in the plasma species could be obtained in
this case. The CH line at 428 nm is the most intense,
and the intensity of the Ha line relative to the CH line
is larger than the case for acetylene.24 As the N2
partial pressure increases, there is an initial increase
in the emission intensity of the nitrogen species,
including CN, with a corresponding decrease in CH
and H intensities. This is expected, because the con-
centration of N2 molecules and, therefore their effec-
tive capture cross-section has increased. However, the
fact that this is observed even at very low N2
concentrations re� ects the fact that nitrogen species
are principally produced by primary electron excita-
tion, whereas the CHx species are generated through
secondary collisional processes. The higher concen-
tration of hydrogen in the gas phase induces a decay
in the deposition rate sharper than that observed for
acetylene samples (Fig. 1). It is interesting to note
that the deposition rate decreases even when a higher
fraction of CN species is observed in the gas phase,
indicating that CN radicals are not the principal
deposition precursor.

The ion energy was monitored with a Faraday cup,
keeping the maximum value ~40 – 50 eV, because
� lm growth was strongly inhibited at higher energies.
The evolution of the ir spectra as the N2/CH4 was
increased can be seen in Fig. 13. In this case, the
samples were deposited on double sided polished
silicon substrates to avoid the strong background seen
in Fig. 4. At low ratios, only the CH stretching bands
are observed (3000 cm21). However, when the ratio
exceeds 1.3, new features are clearly detected: a broad
asymmetric band ~1500 cm21 similar to the band in
Fig. 13. The 2200 cm21 band is stronger than for the
acetylene samples and has a double structure re� ect-
ing the presence of both C¬N and – N~C~N –
groups. Finally, the CH stretching band decreases,
whereas the NH stretching bands increase as
previously observed for the acetylene samples.

Preliminary EELS results obtained from the C – K
edge suggest a C sp3 fraction ~50 – 60% and plasmon
energies ~26 eV. Figure 14 shows the results of the
XPS analysis of the methane samples. It can be seen
that the nitrogen content in the deposit is directly
proportional to its concentration in the gas mixture.

12 Raman spectra of ta-C : H sample deposited at 520°C
compared with that of ta-C : N : H sample deposited
at 580°C; narrow peaks are indication of ordering

13 Infrared spectra of samples deposited with increasing
N2/CH4 ratio
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Discussion of effect of hydrocarbon gas
The main interest in depositing ta-C : N : H samples
from a combination of either methane or acetylene
mixed with nitrogen was to study the effect of a higher
hydrogen fraction in both the gas phase and within
the � lms. Hydrogen has been found to be an impor-
tant factor for the synthesis of crystalline � lms, such
as diamond and microcrystalline silicon. In these two
cases, high hydrogen dilutions are critical in obtaining
good quality crystals. In diamond growth, for example,
hydrogen is multifunctional; it selectively etches the
sp2 bonded carbon, and stabilises the diamond surface,
creating new growth sites on these surfaces by atomic
hydrogen abstraction.25

For amorphous carbon, hydrogen plays a different
role. It is incorporated in the � lms and helps to
stabilise the sp3 carbon fraction by saturation of p
bonds, converting C – C sp2 sites into CH sp3 sites.
This affects the � lm properties. a-C : H � lms with a
wide range of optical gaps, conductivity, refractive
index and densities have been produced.21 The growth
of a-C : H through the subplantation process is still
effective, the hydrogen content and therefore the � lm
properties are modi� ed by the ion bombardment.
However, this successful effect of hydrogen is not
applicable in all cases. For example, the other
superhard material cBN, whose growth also relies
on ion bombardment, is hindered by the presence of
hydrogen in the gas phase.26 In this case, there is
neither a selective etching of the hexagonal phase nor
a stabilisation of the tetrahedral bonding.

Therefore, the effect of hydrogen in CN systems
cannot be assumed from previous information.
Recent calculations of gas phase reactions of hydro-
carbon species with nitrogen hydride species at the
molecular level suggest that hydrogen abstraction
reactions that make the CVD deposition of diamond
thin � lms successful do not favour the formation of
CN thin � lms.27 This is due to the formation of
volatile HCN and CNH molecules by hydrogen
abstraction processes which have negligible energy
barriers and in some cases are exothermic.

Many attempts have been made to deposit CN
� lms by CVD methods. A common outcome of these
attempts is a low nitrogen content when compared
with physical vapour deposition (PVD) methods. This
latter statement is valid for the present work; the
nitrogen content saturates ~30 at.-% for ta-C : N : H

compared with 45 at.-% for the ta-C : N samples,
suggesting that hydrogen induces lower nitrogen
incorporation. This is in agreement with the results
of Hammer.28 He studied the effect of hydrogen on
carbon nitride � lms deposited by ion beam assisted
deposition, in which a graphite target was ablated by
a nitrogen beam, while the growing � lm was
simultaneously bombarded with N and H ions.

The other effect of increasing the hydrogen partial
pressure is a decrease in the deposition rate. This is
observed when comparing the deposition rates of the
ta-C : N : H samples deposited with methane and
acetylene (see Fig. 15).

In both cases, the deposition rate decreases with the
nitrogen partial pressure, but comparing the rates for
similar N2 fractions, the methane samples always
have lower values, as observed in Figs. 1 and 15.

The main difference between acetylene and
methane is the higher hydrogen fraction in the
methane gas. This is clearly observed in Hammer’s
work, with an 85% reduction in the deposition rate
when the hydrogen partial pressure is increased to
70%. The effect is even more critical in dc magnetron
sputtered samples, where the deposition rate goes
to zero for hydrogen partial pressure of more than
15%.29

The deposition rates and nitrogen incorporation
clearly indicate that some chemical effects involving
desorption of both nitrogen and carbon from the
growing � lm occurs. The presence of hydrogen
enhances this chemical sputtering by the formation
of HCN or CNH species.

It is clear in Fig. 1 that the growth rate for the
methane samples also decreases for samples prepared
without nitrogen. In both a-C : H and a-C : N : H
samples, hydrogen is incorporated within the � lms.
However, in a-C : N : H samples, there is preferential
NH bonding.30 In general, this preferential NH
bonding has been deduced from ir spectra, where
the CH stretching band intensity decreases, while the
NH stretching band intensity increases with the
nitrogen concentration (see Figs. 4 and 13). Although
this effect could also be explained by a higher ir cross-
section for NH vibrations compared with CH modes,
hydrogen effusion results con� rmed the favoured NH
bonding, since almost no hydrocarbons are found and
mainly HCN is obtained.

14 Results of XPS elemental analysis of methane samples

15 Deposition rate decreases with N2 partial pressure,
but is lower for methane samples, since H2 partial
pressure is always higher; H2 partial pressures are at
top of each column
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Concerning the � lm properties, the implications of
this NH bonding are strong. In a-C : H, the exother-
mic [ – C~C – zH2)~CH – CH~] reaction pro-
motes sp3 bonding and also reduces the size of the
sp2 clusters. However, in a-C : N : H, this mechanism
is lost, explaining to some extent the increase in
cluster size at low nitrogen incorporation (Fig. 5c).

In ta-C : H, for example, there are ~25 – 35% sp3

CH bonds.28 When nitrogen is incorporated, this
fraction decreases through the formation of >C~
NH, >C~N – NH2 or C – NH2 bonds. According
to the results obtained for the ta-C : N samples, the
two � rst structures are more likely at high nitrogen
concentrations, since CN bonds are most favoured.

In conclusion, the presence of hydrogen is detri-
mental for both the growth of carbon nitride and the
formation of a high density amorphous C : N : H
network.

CONCLUSIONS
On the one hand, the total nitrogen percentage
increases with increasing nitrogen supply but gradu-
ally reaches a saturation value, independent of the ion
energy and the type of hydrocarbon gas. The hydro-
gen content, on the other hand, decreases slightly as
the percentage of nitrogen increases.

The optical gap, EELS and vibrational results
suggest that, as the nitrogen content increases in the
deposits, there is a transition to more polymeric � lms.
The total hydrogen content does not change much,
but the hydrogen transfers from bonding to sp3

carbon sites to a preferential bonding in NH groups.
This leaves the carbon in sp2 sites, which leads to a
lower optical gap. The mean coordination number of
this latter network is much lower, such that the � lms
can be scratched and are polymer-like in nature.

Alternatively, the effect of the ion energy is very
similar to the substrate bias effect in the deposition of
a-C : H samples in the range where the � lm changes
from polymeric to diamond-like. The percentage of
hydrogen and optical gap decrease slightly as a
function of the ion energy (40 – 120 eV) while the
mass density increases.

Although the composition of the � lms deposited at
high substrate temperatures was not obtained, the
variations in the optical gap and vibrational spectra
suggest a decrease in hydrogen content and ordering
of the sp2 phase into larger clusters. This ordering is
limited, however, by the presence of nitrogen.

Hydrogen is detrimental to the deposition of
carbon nitride � lms. During the growth, it enhances
the chemical etching effect of nitrogen species, most
probably by forming HCN species, which are extre-
mely volatile. Hydrogen incorporated within the � lms
decreases the � lm density because it preferentially
bonds to the nitrogen, forming terminating groups.
Therefore, � lms deposited under these conditions are
highly polymeric, exhibiting higher band gaps and
sharper features in the ir spectra.
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