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Abstract 

High-energy shock plasma deposition techniques are used to produce carbon-nitride 

films containing both crystalline and amorphous components. The structures are ex

amined by high-resolution transmission electron microscopy, parallel-electron-energy 

loss spectroscopy and electron diffraction. The crystalline phase appears to be face-

centered cubic with unit cell parameter approx. a = 0.63nm and it may be stabilized by 

calcium and oxygen at about 1-2 at.% levels. The carbon atoms appear to have both 

trigonal and tetrahedral bonding for the crystalline phase. There is PEELS evidence 

that a significant fraction of the nitrogen atoms have sp 2 trigonal bonds in the crys

talline phase. The amorphous carbon-nitride film component varies from essentially 

graphite, containing virtually no nitrogen, to amorphous carbon-nitride containing up 

to 10 at.% N, where the fraction of sp 3 bonds is significant. 
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INTRODUCTION 

Liu and Cohen1 predicted that a compound having stoichiometry CaN* could posses 

hardness rivalling that of diamond. Attempts to synthesize C3N4 have used techniques 

such as ion implantation2, r.f. sputtering of carbon targets in a nitrogen atmosphere3, 

plasma deposition of various hyrocarbons4, nitrogen ion implantation with simulta

neous carbon vapour deposition5, d.c. magnetron sputtering of a graphite target in 

a nitrogen ambient6, shock wave compression of carbon nitride precursors7, plasma-

enhanced chemical vapour deposition8, ion-assisted dynamic mixing9 and laser ablation 

of a carbon target in a stream of atomic nitrogen10. 

Mostly, the experimental results indicated formation of amorphous carbon films 

containing various amounts of nitrogen. Higher nitrogen levels reportedly improve 

the wear resistance, hardness and other tribophysical properties. However Niu, Lu 

and Lieber10 claimed they obtained microcrystalline beta-CsN*, the hexagonal phase 

predicted by Liu and Cohen1. This phase was identified by comparing the electron 

diffraction powder patterns with the Bragg angles predicted assuming the structure 

predicted for C3N4 by Liu and Cohen1. They claimed the overall nitrogen content of 

these specimens was greater than 40 at.%. Matsumoto, Kotaki, Shikano, Takemura 

and Tanaka11 claimed they made crystallites of C3N4 by reacting N atoms and a carbon 

rod anode in an argon/nitrogen plasma arc at atmospheric pressure. They found six X-

ray diffraction peaks indentified as C3N4; we note that the majority of the deposit was 

again amorphous carbon, presumably containing nitrogen. No quantitative analysis 

was presented for either the amorphous or the crystalline forms. 

Gurarie et al 1 3 reported the production of C-N films on silicon substrates, using 

a high-energy shock plasma deposition chamber. They concluded that carbon nitride 

films containing up to 25 at.% nitrogen had been obtained. Optical and SEM exami

nations showed two distinct types of carbon nitride deposits; Type I appeared to be a 

uniform amorphous film, which tended to buckle and delaminate from the substrate, 

presumably indicating compressive stresses. The microhardness was relatively low, in

creasing from about 2GPa to about 3GPa as the nitrogen content increased from 10 

at.% to 32 at.%. Such films formed for a relatively wide range of deposition param-
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eters. Type II C-N was apparently crystalline, consisting of closely-packed columnar 

grains extending perpendicular to the substrate surface. SEM revealed a cauliflower-

like morphology; these grains varied in length from 5-10 micron and were 1-3 micron 

in diameter. The hardness of Type II reached 15GPa, measured using the Vickers 

method. This is comparable to values reported for C-N films obtained using ion and 

vapour deposition5 and by d.c. magnetron sputtering6. Note that the hardness of sin

gle crystal diamond may reach lOOGPa, whereas noncrystalline diamond has hardness 

in the range 20-40GPa13. 

In this paper we report results of electron diffraction (ED), high-resolution transmis

sion electron microscopy (HRTEM) and parallel-electron-energy-loss(PEELS) analyses 

of the structures of C-N films as produced by Gurarie et al. 1 2. The amorphous com

ponent contained a mixture of tetrahedral sp 3 and trigonal sp2 C-C and C-N bonding, 

i.e. amorphous carbon. Rutherford backscattering experiments imply that the overall 

average nitrogen content of the as-deposited films was typically 20-25 at.% N. At least 

three crystalline phases appeared; including a face-centered cubic structure having cell 

parameter 0.630nm, a second f.c.c. structure having cell parameter 0.543nm and sil

icon, also with cell parameter 0.543nm. The 0.63nm f.c.c. structure was found to 

contain both C and N, in approx. the ratio 10:1 based on PEELS results. Calcium 

and oxygen were also found in this crystalline phase. The amorphous component of 

the films contained typically 5-10 at.% N. The results are presented below, together 

with some comments on the status of carbon nitride preparation and characterization 

results. 

EXPERIMENTAL 

High-energy plasma deposited carbon-nitride specimens were prepared on silicon 

substrates, as previously described by Gurarie et al 1 2. The two films examined in 

the present paper were produced using nitrogen pressures in the discharge chamber of 

approx. 0.05 atm, discharge power approx. 30 MW, discharge duration approx. 2/is, 

increment of deposition thickness per discharge of approx. 3nm and total number of 

discharges approx. 3000. During each discharge the previously deposited layer was 
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subjected to shock heating; thus thermal cycling may be a factor contributing to the 

nature of the observed structures. The concentration of nitrogen was measured by 

Auger spectroscopy and also by Rutherford backscattering. Nitrogen contents of up 

to about 20-25 at.% were measured; note that this measurement refers to the average 

bulk value, the nitrogen was not necessarily homogeneously distributed. 

Specimens were prepared for ED, HRTEM and PEELS analysis by scratching the 

film surface with a scalpel blade and transferring the resulting (black) powder directly 

onto clean, dry copper specimen support grids; both 400 and 1000 mesh grids were 

used successfully. 

These grids were examined using a JEOL-4000EX ultra-high resolution electron 

microscope operating at 400keV. The spherical aberration coefficient of 0.94mm al

lowed interpretable resolution of 0.17nm. The specimen height was carefully adjusted 

to an optimum focussing current; thus the camera constant for ED, the objective lens 

astigmatism as well as other electron optical alignment parameters could be set pre

cisely against calibrated values. A Gatan Parallel Detection Electron Spectrometer 

(Model 666) was used at 400keV, the electron probe diameter was typically in the 

range 10-40nm for the PEELS analysis. 

Note that the ED data were usually recorded first, as this required the lowest elec-

ton dose. Then PEELS spectra were recorded with a smaller spot size. HRTEM images 

proved more difficult to obtain, since the necessary higher illumination sometimes re

sulted in decomposition of the crystalline specimens, as indicated by visible changes 

in structure as well as disappearence of the nitrogen peak from the PEELS spectra. 

Considerable care was required to obtain meaningful results under such circumstances; 

thus data from areas that were obviously damaged during electron beam irradiation 

was rejected. 

RESULTS 

The deposited films contained both amorphous and crystalline components; the 

latter was more difficult to find and presumably constituted the minor fraction of the 

specimen. 
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(a) Amorphous films 

(i) Electron diffraction patterns 

Typically, the ED patterns showed three diffuse rings; these were identified as the 

0002 (0.34nm), 1010 (0.212nm) and 1120 (0.123nm) Bragg reflections (spacings) of 

hexagonal graphite. The width of these three diffuse rings varied significantly from 

area to area. Shape-transform analysis implies the correlation length for the amorphous 

graphite-like structure varied from about 0.2-2.0nm (cf. Figs.la,b,c). Note that the 

sharper patterns showed an additional weak ring indexed as 0004 (0.17nm) of graphite. 

(ii) HRTEM images 

Figs.la,b,c show HRTEM images typical of the non-crystalline components of the 

deposit. The contrast varies from that characteristic of the variety of graphite known 

as glassy-carbon (Fig.la) to that typical of amorphous carbon (Fig.lc). Note that the 

thinner areas of Fig.la (at the edge) show patches of 0.34nm spacings indicative of 

nanocrystalline graphite whereas the thinner areas of Fig.lb show irregular 0.34nm 

spacings; as the thickness increases the image becomes indistinguishable from that 

usually associated with amorphous carbon (Fig.lc). 

(iii) PEELS 

Figs.2a,b show PEELS results from the areas that gave Figs.lb,c respectively. Core-

loss edges are expected at 285-300 eV for carbon and at 400 eV for nitrogen. Whereas 

the carbon edge was readily apparent, it was much more difficult to find nitrogen. It 

became apparent that the sharper the ED ring patterns, the more evident was the 

nitrogen edge (c.f. Figs.2a,b). Note the appearance of the nitrogen core-loss edge 

at approx. 400eV for the denser graphitic form (Fig.2b). These differences were quite 

reproducible; the sharper the ED ring pattern, the more evident was the nitrogen edge. 

Note that the carbon edge shows little evidence for the 285eV leading edge typical of sp2 

bonded carbon; both Figs.2a,b are rather typical of an amorphous carbon containing 
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a significant amount of sp 3 bonding (c.f. refs.14,15). Note, however, that glassy-carbon 

areas, such as Fig.la, showed characteristic pi* fine structure at 285eV (Fig.2c), typical 

of sp 2 trigonally-bonded carbon, as expected for crystalline graphite. For these latter 

cases no nitrogen edge w« evident. 

(b) Crystalline carbon-nitrides 

(i) Electron diffraction patterns 

Fig.3a shows an ED pattern obtained from the thin edge of a micron-sized crystal. 

The axial ratio of y/7. and the spot spacings and interplanar angles are characteristic 

of those expected for the [Oil] zone axis pattern of a face-centered cubic crystal having 

cell parameter approx. a = 0.63nm. Note that crystals giving such patterns tended to 

degrade in the electron beam; thus Figs.3b,c show ED patterns from the same crystal 

as Fig.3a, after two and five minutes observation at a moderate illumination intensity. 

Note the appearence of circular arcs centered on the originally sharp spots; Fig.3b also 

shows a new ring spacing (0.217nm) which did not appear on Fig.3a. Figs.3d,e show the 

corresponding [001] and [111] zone axis patterns; these apparently confirm the presence 

of a f.c.c structure (a=0.630nm). This structure exhibited observable reflections and 

overall intensity typical of the NaCl-type space group Fm'3m. 

Specimens taken from the perimeter of the C-N deposit yielded [001], [111] and 

[110] zone axis patterns of f.c.c. silicon, with cell parameter a=0.543nm and space 

group extinctions of the diamond-type space group Fd3m. Specimens scraped from 

intermediate radii of the C-N deposit yielded a third f.c.c. structure, cell parameter 

a=0.543, identical to that of silicon; however the space group was no longer that of 

silicon (Fdm3), rather it corresponded to that of a NaCl-type structure (Fm3m). It 

is worth noting that crystals exhibiting this structure sometimes possessed a squarish 

or cube-shaped morphology quite distinct from that of the a=0.630nm structure. No 

PEELS analysis of either the Si crystals or the (presumably) modified silicon crystals 

have been obtained as yet. 

We were unable to find either single crystal patterns or diffuse powder patterns 
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consistent with the beta-C3N4 phase predicted by Liu and Cohen. However, we did 

obtain a small number of ED patterns which were not consistent with any of the 

above-mentioned structures, indicating further structural complexity may exist. 

(ii) HRTEM images 

Fig.4 shows a HRTEM image of the crystalline phase obtained using the diffraction 

condition shown in Fig.3b. Note that the original single crystal has partially degraded 

into polycrystalites, which are related by rotations about the [110] zone axis. In fact, 

such changes could be observed and recorded in situ using an image-intensitfier, TV 

monitor and video-cassette recorder. Also note the patches of amorphous-type contrast 

developing on Fig.4. Prolonged observation resulted finally in degradation into an 

amorphous structure. 

(iii) PEELS results 

Figs.5a,b show two typical PEELS results for the crystalline (a=0.630nm) structure. 

The nitrogen core-loss edge was far more obvious than for the amorphous material. 

Note also the fine structure of the carbon and nitrogen edges, starting at approx 285 

and 400eV respectively. There is some pi* fine structure contribution to the PEELS 

results for both the carbon and nitrogen edges of this crystalline material (Figs.5a,b). 

For the carbon edge this is less pronounced than for pure sp 3 bonding (c.f. Fig.3c), 

implying that there is a significant degree of sp 3 character for the carbon. For the 

nitrogen we may conclude only that the sp3 character is apparent. 

It is important to note that the 0.63nm crystalline material often showed additional 

edge structures, including a pair of peaks at 350 and 354 eV which coincide with the 

core loss edges of Ca; there was also an edge at 530eV characteristic of 0 (oxygen) and 

on one occassion an edge at 706eV characteristic of Fe. Two examples, both obtained 

from [Oil] zone axis crystals are shown as Figs.5c,d. Having observed these effects very 

clearly in one set of 0.63nm crystals we found that in fact virtually all of the PEELS 

spectra recorded from crystalline material contained both Ca and 0 peaks, although in 

some cases these were only visible after subtraction of the C edge and the background. 
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We note that PIXE and Rutherford backscattering experiments on the carbon ni

tride films did not show the presence of Ca- However, these measurements did show 

clear evidence for 0 in the as-deposited films. Oxygen may originate from impurities 

in the nitrogen source, residual oxygen in the deposition chamber or upon exposure to 

the atmosphere following deposition. Note that oxygen was preferentially incorporated 

into the crystalline component in an inhomogeneous manner. The most likely source 

of Ca was the carbon electrodes, although high purity rods were used. Again note that 

the Ca is preferentially incorporated into the crystalline component, suggesting that it 

occurred during growth, rather than on exposure to the atmosphere. 

Attempts at quantitative PEELS analyses suggest the following range of stoichiome

trics: carbon 60-80 at.%, nitrogen 5-20 at.%, oxygen 1-15' at.% and calcium 0.1-4.0 

at.%. Uncertainties in these values are expected due to inhomogeneities of the speci

mens as well as experimental factors such as the loss of more volatile components during 

electron irradiation. These results should be regarded as preliminary and indicative 

only at this stage. 

DISCUSSION 

(a) Amorphous films. 

Our results should be compared with the PEELS spectra published by Berger, 

McKenzie and Martin14, who made a quantitative comparison of crystalline and amor

phous allotropes of carbon known as graphite, amorphous graphite, diamond and amor

phous diamond. A detailed comparison implies that our C-N amorphous films contain 

a significant fraction of sp3-type bonds (cf. also Fig.2a,c). Davis, McKenzie, Yin, 

Krautchinskaia, Amaratunga and Veerasamy15 studied amorphous C-N films prepared 

by filtered cathodic arc deposition. They found nitrogen concentrations up to 30at.% 

could be produced. They published PEELS spectra showing the C and N core-loss 

regions for increasing N concentrations. Comparison with our results implies that the 

amorphous C-N produced by plasma shock deposition contains a significant fraction of 

sp3 tetrahedral bonds, even though the ED ring patterns imply amorphous graphite. In 
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principle the ratio f = (number of sp 3 bonds/number of sp 2 bonds) may be determined 

by quantitative analysis of the PEELS spectra (see14 ,1*). Such an analysis is being now 

being attempted. 

(b) Crystalline forms. 

Comparison with the results of Berger et al and Davis et al implies a significant 

fraction of sp 3 bonds for carbon. The fine structure of the nitrogen edges consistently 

showed fine structure ressembling the pi* character of Fig.3c, perhaps implying that 

some of the nitrogen is trigonally-bonded; this appeared to be the case for both the 

amorphous and the crystalline forms (see insets, Figs.5a,b). Quantitative PEELS anal

yses for the ratios fare being attempted. We caution, however, that other C-N bonding 

configurations are permissible, including linear N-C-C-N molecules typically found in 

cyanogen (C3N2) and also (CN) - 1 ionic compounds. Thus a sp 3/sp 3 analysis may be 

too simplistic. 

(c) Comparison with results from other workers. 

It seems to us that all papers investigating carbon nitride deposits have obtained 

amorphous carbo-nitrides as the major component (see e.g. refs. 2' 1 2). Only Niu et 

al 1 0 and Matsumoto et al 1 1 have obtained X-ray evidence for /0-C3N4 as a crystalline 

phase, in the form of powder data; no quantitative X-ray or neutron diffraction studies 

have been published. No evidence was obtained for the proposed J0-C3N4 phase in our 

specimens. 

We have obtained direct evidence, including HRTEM, ED and PEELS analyses, for 

a crystalline carbon nitride structure produced by high-energy shock plasma deposition. 

This structure, which appears to be face-centered cubic, may be stabilized by the 

presence of some calcium and/or oxygen, probably at levels of the order of 1-2 atomic 

%. Further work is required to determine the crystal structures and stability of this 

phase and indeed other metastable carbon nitride phases. 

The PEELS results above are consistent with the conclusion of Torng et al 3 that 
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incorporation of nitrogen into amorphous carbon nitride films tends to stabilize sp 3 

bonding, at least for the carbon atoms, leading to relatively hard materials. Further 

studies of the bonding in crystalline C-N phases are required. Our preliminary result 

above, for a possible cubic phase, is that both sp 3 and sp 3 bonding occurs for the carbon 

atoms and that a significant fraction of the nitrogen atoms have spMike bonding. 
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FIGURE CAPTIONS 

Figure 1 

(a) HRTEM image showing graphitic glassy carbon; note 0.34nm fringe spacings. 

(b) HRTEM image of amorphous carbon film, note some 0.34nm spacings remain for 

the thinnest areas at the edge of the specimen. 

(c) HRTEM image of amorphous carbon film, note absence of graphitic structures. 

Figure 2 

(a) Raw PEELS spectrum from the area giving Fig. lb; there is no nitrogen edge. 

(b) Raw PEELS spectrum from the area corresponding to Fig.lc; note the nitrogen 

edge starting at about 400 eV. 

(c) Detail of the carbon edge for two areas, including Fig.la; note the pi* feature char

acteristic of the sp2 bonding of graphite. 

Figure 3 

(a) Electron diffraction pattern from a 1 micron crystallite; note axial ratio y/2 char

acteristic of a f.c.c crystal viewed along [110]. 

(b,c) Same area as (a) after two and five minutes observation; note degradation of the 

crystallinity and appearance of ring pattern. 

(d,e) [001] and [111] zone axis electron diffraction patterns from single crystal regions. 

Figure 4 

HRTEM image corresponding to Fig.3b; note development of nanocrystalline and also 

amorphous regions. 

Figure 5 

(a,b) Raw PEELS spectra from areas giving ED patterns like Fig.3b; note presence of 

nitrogen edges starting at about 400 eV (see also insets); note the presence of leading 

edge fine structure characteristic of sp2 bonding, for both carbon and nitrogen edges. 

(c) Raw PEELS spectrum from a single crystal region showing calcium (346-350 eV) 

and oxygen (532 eV) edges in addition to carbon and nitrogen. 

(d) Raw PEELS spectrum from a single crystal region showing calcium (346-350 eV) 

oxygen (532 eV) and iron (708-721 eV) edges in addition to carbon and nitrogen. 
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