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Abstract 
Nitrogenated C-films (CN,) were prepared either by rf reactive sputtering of graphite or by N+-implantation with 

energies of 30-90 keV. The structural evolution of these films under thermal vacuum annealing, at various temperatures was 
investigated by means of Raman analysis and positron annihilation spectroscopy (PAS). The atomic film composition was 
determined by Nuclear Reaction Analysis (NRA) and Elastic Recoil Detection (ERD). Nitrogen incorporation in the C films 
increases their amorphicity and its effect on the void concentration is connected to the nature of the nitrogenation process. 
Upon thermal annealing, the CN, film structure degrades more rapidly than do the C films, increasing the disordered 
graphitic phase content. The structural changes of the C and the CN, films are associated with H and N dynamical behaviour 
induced by annealing. 

1. Introduction 

The vapor-phase growth and the characterization of 
nitrogenated carbon films (CN,) have generated an in- 
creasing interest in recent years. For the synthesis of such 
films, various techniques have been applied: reactive sput- 
tering of graphite [I], plasma decomposition of N, mixed 
with various hydrocarbon [2], ion beam assisted deposition 
[3] and ion-implantation [4]. Although considerable atten- 
tion has been devoted to understand the microstructure of 
the CN, films, we are not aware of a study of the 
evolution of the microstructure of such films under post- 
deposition annealing treatments. 

In a previous work, we studied the mechanical proper- 
ties and the chemical and electronic structure of CN, films 
produced by N+-implantation in C-films and by reactive 
sputtering of graphite [5,6]. The C-films have been found 
to retain their starting diamond-like character after the 
N-incorporation and showed an improved friction be- 
haviour. In this work, we report the nitrogen effects on the 
microstructural behaviour of C-films under thermal anneal- 
ing. We had characterized these films with Raman and 
positron annihilation spectroscopies. Nuclear reaction 
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(NRA) and elastic recoil detection (ERD) provided infor- 
mation about the elemental composition of the films. 

2. Experimental 

The C-films were sputter deposited on silicon sub- 
strates, from a graphite target in a rf planar magnetron 

discharge at I Pa and 100 W. Details of the deposition 
parameters can be found in [5]. The N-doped C-films were 
prepared in two different ways: (1) by N ‘-implantation of 
the C-films (ii-CN, films) or (2) by reactive sputtering of a 
graphite target in a 50% Ar-50% N, discharge (rs-CN., 
films), carried out in the same conditions as for the C-film 
deposition. Thickness measurements were performed by 
means of a DEKTAK IIA profilometer and the mass 
measurements with a Mettler H5 1 AR balance. N+-implan- 

tation in C-films, took place at normal incidence, at room 
temperature with a current density of about 5 p,A/cm’ 
and at a fluence of 2 X 10” ions/cm2. Two ion energies 
were used: 30 keV for 100 nm thick films, (the projected 
ion range is R, = 76 nm) and 90 keV for 400 nm thick 
films (R, = 210 nm). The ion range has been computed by 
means of the TRIM’95 numerical code [7]. The thermal 
annealings were performed by heating, under vacuum 
( lO-6 Pa), the samples from room temperature to 773 K or 
1073 K at lO”C/min. The atomic composition of the films 



554 N. Laiduni et al./Nucl. Imtr. 

was determined by NRA and ERD. Absolute amounts of 
C, N and 0 were obtained through the ‘*C(d,p) 13C, 14N 
(d,p) 15N and 160(d,p) I70 reactions. ERD was used to 

determine the absolute H content in the films. In this case, 
the samples were bombarded by 1.9 MeV c1 particles at an 

incidence angle of 15”, while the detection angle was set at 

30”. The hydrogen concentrations have been extracted 
from the experimental data by the SENRAS simulation 
program [8]. Room temperature Raman spectra of the films 

were recorded in a Jobin Yvon T64000 apparatus, using an 
Ar+ ion laser as a light source operating at 514.5 nm. The 
positron annihilation spectroscopy (PAS) measurements 

were done with a low energy positron beam tuneable from 
0.2 to 30 keV that permited to investigate the sample from 
the surface to some microns in depth. The positron trap- 

ping by defects was detected by the Doppler broadening 

technique. 

3. Results and discussion 

3.1. Atomic composition and density 

3.1.1. As-prepared films 
The experimental results on atomic composition and 

density, obtained with NRA and ERD, for a C-film and a 
30 keV N+-implanted carbon film, both 100 nm thick, are 
presented in Table 1. The N/C atomic ratio and the mass 
density of the C, ii-CN, and rs-CN, films are displayed in 
Table 2. The 2 X lOI N/cm2 dose yields a global N/C 
atomic ratio of 0.24 in the ii-CN, film. The mass density 
value of the C-film, (1.73 f 0.34) g/cm3, is typical of 
amorphous films [9,10]. It is higher in the ii-CN, film. A 
compositional depth profile obtained for the rs-CN, films 

Table I 
Atomic composition of the C-films and ii-CN, films before and 
after annealing at 773 K and 1073 K 

Atomic composition (atom/cm’) Films 

C ii-CN, 

before annealing 
ctr 10%) 824X IO” 807X lOI 
H(f5%) 205 X lOI 250X lOI5 
O(f3%) 40x lOI 57X 10’5 
N (&50/o) _ 192X IO” 

after annealing at 773 K 
cc* 10%) 675 X lOI 825 X lOI 
Htr5%) 145 x lOI 140x 10’s 
0(*3%) 37 x 1o’5 56x 10” 
N(f5%) _ 142X lOI 

after annealing at 1073 K 
c(* 10%) 692X IO” 804X 10” 
H(f5%) 54x 10’5 51 x 10’5 
O(f3%) 55 x 10’5 44x lOI 
N(*5%)N 13x lOI 

Table 2 
N/C atomic ratio and mass density of the C, ii-CN, and rs-CN,, 
films 

Films C ii-CN, r&N, 

N/C _ 0.24 0.07 - 
Mass density (g/cm3) 1.73 (+ 20%) 2.20 ( + 20%) 2.61 (+ 10%) 

by Auger electron spectroscopy (plot not shown) gave a N 
content almost constant within the film and of 7 at.%. The 
atomic density, as obtained by mass measurements, was 
(2.61 + 0.26) g/cm3. 

Although not intentionally added, the samples con- 
tained hydrogen which came from gas phase contamina- 
tion, as did oxygen, also present. For the latter, we do not 

exclude also a post-deposition contamination. The values 
reported in Table 1 for H content include the H content 

both in the film and the substrate. In Fig. la and b are 
reported the ERD H concentration profiles, as a function of 
depth, in C and ii-CN, films respectively. In the unim- 
planted specimen, the hydrogen profile is flat and extends 
down into the substrate. The actual H/C ratio in the 
C-films is 0.14, a value below the usual hydrogen concen- 
tration range in hydrogenated C films [I I]. The ii-CN, 
film exhibits a marked H depletion in a broad region 
around the R, (marked in Fig. lb). Although the global H 
amount, as reported in Table 1, was in this case higher 
than in the unimplanted sample, (due probably to different 
substrate contamination levels), the ii-CN, film had less 
hydrogen than the C-film. 

3.1.2. Heated films 

In Table 1 we give the N, C, 0 and H amounts in the 
annealed C and ii-CN, samples, as obtained by NRA and 
ERD. Each kind of samples lost hydrogen on heating. 
After annealing at 1073 K, most of hydrogen effused out 
of the samples (74% and 80% in C and ii-CN, films 
respectively). In the annealed ii-CN, films, in addition to 
H losses, appreciable nitrogen losses are also observed. 
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Fig. I. In-depth hydrogen profiles in C-films (a) before and (b) 
after N+-implantation. 
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After at 1073 the N are reduced 3.3. Lattice microstructure evolution of the C and Cy, 
traces. films under annealing 

3.2. N effects on the lattice structure of the carbon films 

Raman spectroscopy is a common tool for the charac- 
terization of the structure of C-based materials. 

Fig. 3a-c shows the Raman spectra from the C-films, 
the ii-CN, film and the rs-CN, film respectively, annealed 
at 1073 K. In these spectra, the A/G values are to 

Fig. 2a-c compares the Raman spectra of (a) C-film 

(880 nm thick), (b) an ii-CN, film (400 nm thick and 
implanted with 90 keV N+-ions) and (c) a rs-CN, film 

(840 nm thick). The spectrum of the C-film consists of a 

twin-peaked band. The peaks, broad and almost of equal 
intensity, develop at about 1360 cm-’ and 1590 cm-‘. 
These bands further broaden and coalesce into a feature- 

less spectrum extending from 1100 cm-’ to 1800 cm-’ in 
the ii-CN, spectrum (Fig. 2b). The rs-CN, spectrum (Fig. 
2c) exhibits the same gross features as the C-film spec- 

trum. The two broad bands observed in the C and the 
rs-CN, film spectra are known to appear in the Raman 
spectrum of microcrystalline graphite, with cluster size less 

than 25 nm. The low frequency line is called “D” line and 
the high frequency one is called “G” line, and they are 
known to significantly broaden in disordered graphite 
spectra [12]. The same nomenclature will be used in the 
following to describe these features in Raman spectra of 
our films. 

/‘. d 
0’ j 

1260 1300 1350 1400 1450 l5W 1550 1ax 1650 17w 
Raman stun [l/cm] 

Through a fitting procedure of the experimental spectra, 
more insight into the microstructure of these films can be 
gained. The three experimental spectra were fitted by three 
gaussians centered at - 1360 cm-’ (peak D), - 1500 
cm-’ (peak A) and - 1590 cm-’ (peak G). The peak at 
- 1500 cm-’ is attributed to C-C vibration into an 
amorphous network, composed of an atomically mixed 
structure of three- and fourfold-coordinated carbon [ 13,141. 
The additional very sharp line, at 1554 cm-‘, which 
appears in each spectra, is related to the presence of 0, in 
the films. From these results, the C-films appear as having 
a composite structure constituted by disordered microcrys- 
talline graphitic domains dispersed in an amorphous ma- 
trix, itself formed by sp2 and sp3 sites. In order to check 
the changes brought about by nitrogen to this composite 
microstructure, we compare the area ratio of the amor- 
phous phase peak to the graphite peak, A/G. The G line 
was chosen instead of the D line because of its lower 
sensibility to disorder with respect to the D line [15]. 

a 0.3 
7 ‘. 

,250 13w 1350 1400 1450 15ca 1550 ,603 1650 1700 
Raman shin [l/cm, 

Table 3 gives the A/G ratios for all of the as-prepared 
and the annealed C-film and both kinds of CN, films, as a 

measure of the degree of amorphicity of the network, 
along with the D/G ratio as a measure of the disorder of 
the graphitic phase. The N-incorporation into the C-films 
appears to increase the amorphicity of the network as it is 
evidenced by the higher value of the A/G ratio, in the rs- 
and ii-CN, films spectra. The D/G ratio is invariant in the 
rs-CN, film with respect to the C-film, while nitrogen 
incorporation by ion-implantation resulted in more disor- 
dered graphitic domains as shown by the increase of the 
D/G value [ 151. 

I 
1250 ,?a0 1350 1400 1450 1500 ,550 16ca 1650 1700 

Raman mat [l/cm] 

Fig. 2. Raman spectra of as-deposited (a) C-film, (b) ii-CN, film 
and k) r&N, film. 
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compare with those of Fig. 2. Similar to Fig. 2, a fit 
procedure of the experimental spectra provides a semi- 
quantitative comparison of the microstructural changes 

undergone by the C and both kinds of the CN., films under 
annealing. The values of the A/G ratio and the D/G ratio, 

as obtained from the fitting parameters, are displayed in 
Table 3, along with those obtained for the same films 

annealed at 773 K. It comes that heating the C-films at 
1073 K resulted in more resolved D and G bands in the 

spectra (compare Fig. 3a and Fig. 2a) along with a slight 
decrease of the peak A. The composite structure of the 

C-films are only slightly affected by annealing, even at 

1073 K. The amorphous phase contribution after annealing 
at 1073 K annealed film dropped by only 20% of its initial 

value. On the other hand, annealing induced more disorder 
in the graphitic phase, as shown by the increased D/G 
values, in contrast to the rs-CN,, films, which gain rela- 

tively more homogeneity after annealing. Among the anal- 
ysed films, both the as prepared and the annealed ii-CN, 
films present the highest level of disorder. 

Interestingly, after the 773 K annealing, both CN, films 
and C film graphitise at the same (limited) rate (the A/G 
ratio is reduced by only 13- 15% (Table 3). These results 
suggest that, at this temperature, the released nitrogen from 

the ii-CN, film corresponds primarily to non-bonded or 

weakly bonded nitrogen species. On the contrary, the 
pronounced structural changes observed in the ii-CN, film 
annealed at 1073 K can be due to the release of chemically 
bonded nitrogen [5]. Besides, the Raman results indicate 
that the presence of H does not seem to be critical for the 

amorphicity of the C-films, may be due to its relatively 
low concentration and/or to a peculiar lattice structure of 

the C-films, different from that of hydrogenated films [ 161. 

On the contrary, our results point towards a crucial role of 
N in stabilising the amorphous component of the carbon 
network. 

3.4. Defect microstructure of the as-prepared and the 
annealed C and CN., films 

The relatively high stability of the C films against 
graphitization is considerably reduced in the ii-CN, and 
rs-CN,, films. Here, again, the experimental spectra of 
annealed ii- and rs-CN,, resulted in much more resolved D 
and G bands, due to a significantly reduced contribution of 
peak A. After annealing at 1073 K. the A/G ratio value 
drops to 44% ot its initial value in ii-CN, and the spectrum 
grossly resembles that of the as-deposited C-film. The 
same behaviour was observed in the rs-CN., film, for 
which the A/G ratio value, after annealing at 1073 K, falls 
to 36% of its initial value (Table 3). So, both kinds of CN, 
films exhibit a neat tendency to graphitise, in contrast to 
C-films which retained 80% of their amorphicity after 
annealing at 1073 K. It is also worthwhile to note that in 
both rs- and ii-CN, the graphitisation took place mostly 
after 773 K, as it can be understood from the variations of 
the A/G ratios after the 773 K and the 1073 K annealings. 

Positron Annihilation Spectroscopy (PAS) is a power- 
ful technique for measuring open volume or vacancy-like 
defect profiles in near surface regions. The shape of the 
positron annihilation line, sensible to the momentum distri- 
bution of electrons, was characterized by the so called S 
parameter. The S parameter is the ratio of the counts in a 
central region of the annihilation line and the total counts 
in the line. Every material is characterised by a proper S 

value. The S parameter increases if positron trapping 
defects, like open volume or vacancies, are present in the 
material. As a consequence the curve of the S parameter as 
a function of depth can be related to the depth distribution 
of defect [ 171. 

In Fig. 4 we present the PAS measurements (5 parame- 
ter versus depth) on the rs-CN, film (840 nm thick), 
C-film (880 nm), and ii-CN, film (400 nm, implanted with 

Table 3 
Arca ratio D/G between the disordered graphite Raman peaks (D and G) and arca ratio G/A between the Raman peak G of the disordered 

graphite and the peak A of the amorphous phase, before and after annealing at T, = 773 K and T, = 1073 K. (Values given in parenthesis 

are the relative variations of A/G on annealing.) 

Films 

C ii-CN, r&N, 

Before annealing 

A/G 
D/G 

A/G 

(Relative change) 
D/G 

0.37 0.73 0.6 I 
2.23 2.95 2.22 

After annealing 

r, r, 7H 

773 K 1073 K 773 K 1073 K 773 K 1073 K 

0.32 0.29 0.62 0.32 0.52 0.22 

(- 13%) ( - 20%) (- 15%) ( - 56%) (- 15%) ( - 64%) 
2.35 2.48 3.3 3.0 2.16 2.06 
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90 keV energy). In Fig. 5 the modification due to thermal 
treatment on rs-CN, film is.shown. All the measurements 

were normalized to the bulk S value of silicon. The mean 
positron penetration depth, 7. (in nml was calculated 
through the following expression: ? = ( A/p)E", where E 

in keV is the positron implantation energy, p is the 

3.5 

I (4 

Fiu L. 3. Raman spectra of (a) C-film, (b) ii-CN, film and (CT) 

rs-CN, film, annealed at 1073 K. 

0.92 

0.001 0.01 0.1 1 

positron mean penetration depth z [pm] 

Fig. 4. S parameter versus positron mean implantation depth in: 

(a) rs-CN, film, (b) C-film and (c) ii-CN, film. 

material density in g/cm” and A = 0.35 ug cm _ * keV -“, 
n = I .55 1181. We took as density values of rs-CN,r, C-, 
and ii-CN, films those reported in Table 2. The interface 

film-silicon is arrowed in the figures. 
The S parameter for the rs-CN,, shown in Fig. 4a starts 

from an almost constant surface S value (from I - IO nm], 
than decreases and reaches a constant value throughout the 
film. Finally S increases through the interface to reach the 
bulk S value of silicon. The constant value of S in the 
films means that it is homogeneous with a uniform distri- 
bution of open volume defects. The S parameter of the 
C-film as a function of mean positron penetration depth 
(Fig. 4b) is similar in shape to that of ~x-CN,~ film. But the 
absolute S value of the homogeneous part is higher, 
showing that the C-film contains more open-volume de- 
fects. Moreover in the C-film, the voids distribution is 
homogeneous from about 80-90 nm. The first 80-90 nm 
of this film appear to be more defected. Finally, N+-im- 
plantation in the C-film (pay attention in Fig. 4c to the 
different thikness of the film) unexpectedly produce a 
slightly lower defect concentration than in the starting 
C-film. In fact one would expect a vacancy-like defects 

1 .oo 
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0.001 0.01 0.1 1 
positron mean penetration depth z [pm] 

Fig. 5. S parameter versus positron mean implantation depth in 

the rs-CN,, films: (a) as-deposited, (b) annealed at 773 K and (c) 

annealed at 1073 K. 
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distribution due to the implantation process, superimposed 
to the existing voids distribution. Nevertheless, Raman 

spectroscopy has shown (Table 3) that in rs-CN, and 
ii-CN., films (films with incorporated nitrogen) the amor- 
phous phase increase with respect to the C-film, and that 

the graphitic phase is more disordered. So the change in 
the defect concentration seems to be due to a structural 

change of the carbon film. In particular the defects probed 

by positrons seems to be mainly connected to the graphitic 
disordered phase. In the ii-CN, the role of injected nitro- 

gen, besides that of partially changing the structure, could 
be that of refilling the voids. 

This interpretation is also supported by the analysis by 
PAS of the rs-CN, films annealed at 773 K and 1073 K 
(Fig. 5). In the sample annealed at 773 K, the S parameter 

curve (curve b) has the same shape than in the as-de- 
posited film (curve a) but is higher in absolute value, 

indicating an increase in the defect concentration. In the 
sample annealed at 1073 K, the defect concentration in- 
creases again from 30 nm to the interface (curve cl. In 
these samples Raman spectroscopy confirms a continuous 
graphitization as a function of the annealing temperature 
(see Table 3) reaching the as-deposited C-film structure at 
1073 K. The phenomenon is also assisted by an out 
diffusion of nitrogen as observed in ii-CN, annealed sam- 
ples. Decreasing the defects while rising the nitrogen dose 
was also recently observed in a-C hydrogenated films [ 191. 

In summary, the analysed films present an uniform 
distribution of open volume defects. The void concentra- 
tion in the ii-CN., and rs-CN, was lower than in the 
C-films. In the N-containing films, it increased on anneal- 
ing, with the degree of graphitization of the material. 

4. Conclusion 

We have studied the effects of the N incorporation by 
reactive sputtering and by ion-implantation in C-films on 
(8 the composite microstructure of these films and (ii) 
their thermal behaviour. Nitrogen increased the amorphic- 
ity of the network whatever be the nitrogenation process 
and reduced, as well, the void density in the C-films. After 
annealing at 1073 K, while the amorphicity of the C-films 
was relatively preserved, in both CN, films it was signifi- 
cantly reduced, giving rise to higher amounts of disordered 
graphitic phase. This process appears to be assisted by the 
nitrogen effusion out of the films, and it resulted in an 

increased void density. However, annealings at 773 K did 

not result in great changes in the composite microstructure 
of all of the C-films and the CN., films. 
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