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Auger electron spectroscopy has been used to identify the allotropes of carbon in chemical 
vapour deposited diamond films deposited on copper and tungsten wires and on SiC and 
silica fibres and to measure the thickness and composition of the diamond/substrate reaction 
layers. The significance of these results for the manufacture of diamond fibres is discussed. 

1. In troduc t ion  
The growth of diamond thin films produced by chem- 
ical vapour deposition (CVD) on non-diamond sub- 
strates has been studied extensively over the last five 
years [1, 2]. Recently, diamond fibres have been pro- 
duced by CVD on ceramic and carbon-fibres and 
metal wire cores [3]. This has led to the possibility of 
exploiting the properties of diamond on a large scale 
by means of diamond fibre composites [3, 4]. How- 
ever, the properties of the composites will depend on 
the chemical nature and the microstructure of the 
interface between the core and the diamond coating. 
This will depend on reactions between the substrate 
and hot gases during deposition and on diamond 
nucleation and growth mechanisms. 

Diamond films are currently grown by various 
methods (r.f. plasma-enhanced CVD [5], microwave 
plasma-enhanced CVD [6-8],  and hot filament- 
enhanced CVD [9, 10]) on a variety of planar sub- 
strates including silicon, SiO2, SiC, platinum, gold, 
copper, molybdenum, titanium and tungsten. Rela- 
tively little work, however, has been reported for 
diamond growth on small-diameter fibres and wires 
[3]. These studies have used mostly scanning electron 
microscopy, Raman spectroscopy and X-ray diffrac- 
tion to characterize the surface morphology and 
phases present. More recently, high-resolution analyt- 
ical techniques such as transmission electron micro- 
scopy (TEM) and Auger electron spectroscopy (AES) 
have been used to characterize diamond films and 
diamond film/substrate interfaces [11-13]. 

As part of an investigation into the properties of 
CVD diamond fibres, SEM and AES techniques were 
used to study the effect of various fibre cores on the 
morphology and nucleation of the diamond film and 
to obtain the chemical composition and thickness of 
the reaction layers at the diamond/substrate inter- 
faces. The results obtained are described. 

2. Experimental procedure 
A standard hot-filament CVD reactor was used to 
deposit diamond, with a gas mixture of 1% methane 
in hydrogen, a gas flow rate of 200 standard 
cmamin -1 and a chamber pressure of 30torr  
(1 t o r r =  133.322Pa). The gases were dissociated 
either by a 11 mm long, 8 mm diameter vertical helical 
tantalum wire filament heated electrically to 2000 ~ 
(Fig. la) or by a horizontal 11 mm long, 3 mm dia- 
meter filament (Fig. lb) [2]. 

Substrates were 200 gm diameter tungsten wire, 
100 lam diameter copper wire, 60 gm diameter hollow 
silica fibre, and 140 tam diameter Textron SCS-6 SiC 
fibre. All specimens were manually abraded with 3 lain 
diameter diamond grit to enhance diamond nuclea- 
tion and cleaned in methanol. Each tungsten specimen 
was mounted co-axially inside the vertical filament 
(Fig. la). The other specimens were mounted horizon- 
tally outside and about 3-4 mm below the filament 
and just above a 150 W light bulb (Fig. lb), which led 
to a more uniform diamond coating. The temperature 
of the substrate was maintained at 900~ and the 
average diamond deposition rate was 0.65 gmh -1 
(Fig. 2). 

The diamond-coated specimens were fractured in 
air, through the diamond-coated area, into two equal 
lengths and mounted by pressing into indium foil 
before loading into the chamber of the Auger spec- 
trometer. 

AES analysis was performed with a Perkin-Elmer 
PHI 595 scanning Auger microprobe equipped with 
a double-pass cylindrical analyser. The electron gun 
operated at 3 keV with a beam current of 70 nA and 
a beam diameter of ,,~ 0.3 gm. Sputter cleaning was 
carried out using an argon ion gun at a sputter rate of 
40 nm min-1. The Auger spectrometer chamber was 
maintained at a base pressure of < 10 . 9  torr during 
imaging and analysis. 
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Figure 1 Schematic diagrams of chemical vapour deposition tech- 
nique for diamond fibres, mfc: mass flow controller. Fibre substrate 
mounted: (a) coaxially within filament; (b) outside the filament. 

local temperature and surface morphology. A region 
of uniform coating after 8 h deposition and a partially 
coated region after 4 h deposition are shown in Fig. 3a 
and b respectively. In the latter the rows of crystals 
were aligned parallel to the scratches and grooves on 
the tungsten surface. When eventually complete cover- 
age occurred, the film thickness was uniform. This 
uniformity could only arise from the partially coated 
state (Fig. 3b) by fresh nuclei growing on the uncoated 
regions more rapidly than the initial nuclei or by 
sideways growth at the edges of the existing diamond- 
coated regio n . The observations in the present study 
indicate the latter mechanism operated. 

The Auger electron spectra characteristic of the 
various allotropic forms of carbon are shown in 
Fig. 4a [-14]. Spectra obtained from the surface of the 
deposit and exposed areas of the substrate indicated 
that only carbon and oxygen were present, with a 
much smaller peak intensity for oxygen. ,Because the 
latter disappeared after sputtering for about 5 s, it was 
concluded that it was an adsorbed contamination 
layer arising from previous exposure to air. 

The fine structure of the K L L carbon peak (Fig. 4b) 
was characteristic of natural diamond [14]. Exposed 
areas between the diamond crystals yielded spectra 
typical of amorphous carbon (Fig. 4c). The shift in the 
energy of the diamond peak by about 7 eV towards 
lower energies compared with the peak for amorphous 
carbon detected on the same specimen (Fig. 4c) is 
clearly apparent. The shift in the spectrum for dia- 
mond arises mainly from the charging effect on the 
surface of the less-conductive diamond compared with 
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Figure 2 Diamond film thickness versus deposition time for dia- 
mond grown on tungsten wire. Average growth rate = 0.65 gm h x. 

3. R e s u l t s  
3.1. Depos i t i on  on  t u n g s t e n  wire  
Coating times were 1, 2, 4 and 8 h. The diamond 
deposit grew by nucleation and growth of individual 
crystals. Each crystal showed well-developed three- 
four-sided facets whose size increased with increasing 
deposition time. The nucleation density and the de- 
posit thickness and uniformity were dependent on the 
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Figure 3 Diamond coating on tungsten wire: (a) fractured fibre; 
(b) diamond crystals aligned along scratch lines and grooves. 
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Figure 4 Auger spectra: (a) fine structure of diamond, graphite and 
amorphous carbon 1-14]; (b) typical spectrum from diamond crystal 
on fibre surface; (c) spectrum from exposed areas between crystals 
indicating amorphous carbon. 

amorphous or graphitic carbon. This energy shift was 
found to be reproducible in the present experiments. 
Because the binding energy of the core electrons in 
diamond, graphite and amorphous carbon differ only 
by less than 1 eV [15], the peak energy shift offers an 
additional method for detecting carbon allotropes at 
the surface and in the bulk. 

The exposed surfaces between the diamond coating 
were analysed by sequential AES and argon ion 
sputtering using specimens coated for various times. 
After an outermost amorphous carbon layer was first 
removed by sputtering for 1 min, a tungsten carbide 
phase was identified from the characteristic Auger line 
shape for WzC [16]. The changes in the spectra with 
increased depth from the carbide layer surface (Fig. 
5a) to the base of the carbide layer (Fig. 5c) allowed the 
thickness of the carbide layer to be determined (Fig. 6). 
The carbide layer thickness of about 2.5 lam was found 
to be independent of the deposition time. 

3.2. Deposition on SiC fibre 
The surface of the SCS-6 fibre was smooth with no 
evidence of abrasion scratches. A deposition time of 
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Figure 5 Auger spectra showing progressive decrease in tungsten 
carbide peak with increasing depth from exposed surface of the wire 
where diamond had spalled off during fracture: (a) exposed surface 
after sputter cleaning; (b) after sputter ion milling; (c) at the base of 
the carbide layer. 
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Figure 6 Tungsten carbide layer thickness on tungsten wire versus 
deposition time, obtained by AES depth profiling. 

6 h produced a typical uniform faceted diamond film 
on the fibre of about 3.8 pm (Fig. 7a); the surface etch 
pits visible beneath the coating (Fig. 7b and c) were 
attributed to attack by the atomic hydrogen during 
deposition. A close-up of the fracture surface of the 
diamond film (Fig. 7c) shows the columnar crystal 
growth structure and the pitted surface. An AES 
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Figure 8 Diamond coating on SiC. Auger spectra showing typical 
displacement in the carbon peak and change in the shape of the 
peak with increasing depth: (a) top of diamond coating; (b) at a 
depth of about two-thirds of the coating thickness; (c) base of 
coating. 

Figure 7 Diamond coating on SiC fibre showing: (a) faceted dia- 
mond crystals on the surface; (b) pitted fibre surface below diamond 
coating; (c) pitted surface and uniform diamond coating. 

mond deposited on silicon [-13, 17], which indicate the 
co-deposition of graphite and disordered carbon 
together with diamond in the early growth stages 
when the methane concentration was about 1% or 
higher. 

spectrum from such surface areas indicated the pres- 
ence of silicon and carbon with traces of calcium and 
oxygen. The concentrations of oxygen were higher 
than for the tungsten substrate, and on the SiC sub- 
strate were always associated with calcium; these spe- 
cies were therefore believed to be associated with the 
carbonaceous surface layer on this fibre. 

The local composition through the thickness of the 
diamond coating was determined by moving the elec- 
tron probe on the diamond fracture from the top 
surface to the substrate surface. The fine structure 
(shape) of the K L L carbon peak and the energy shift 
in the AES showed a gradual transition from the 
diamond structure at the surface, with characteristic 
sp 3 bonding (Fig. 8a), to diamond and traces of graph- 
ite at a depth of 2.6 gm (Fig. 8b), and to a graphitic 
type of carbon sp 2 bonding at the base of the film. 
These results are consistent with other work on dia- 
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3.3. Deposition on silica fibre 
The surface of the SiO 2 fibre contained very fine 
scratches after abrading. The fibre was difficult to 
handle without fracture and sometimes fractured dur- 
ing deposition. A uniform diamond coating was ob- 
tained, however, similar to that obtained for SiC as 
shown for a fractured specimen in Fig. 9. The coating 
thickness was about 4.3 gm and good adhesion was 
found between the diamond coating and the fibre. The 
diamond structure of the film was confirmed by AES 
from the coating surface. 

At the diamond/silica interface three distinct 
phases, SiC, reduced silica and SiO2, were detected. 
The identification of these phases in Fig. 10 relies on 
our calibration for SiC and the characteristic energy 
shift due to Si -O bonding for SiO2 and reduced fused 
silica [18]. It was not possible to determine the exact 
thickness of the carbide layer because of the charging 



Figure 9 Diamond coating on a hollow silica fibre after fibre 
fracture. 

Figure i1 Diamond coating on a copper wire. 
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Figure lO Auger spectrum from the diamond/silica interface. 

effect of the insulating silica. However sputtering for 
~ 8 s which removed about 5.5 nm, was always suffi- 

cient to expose the substrate matrix, indicating the SiC 
layer was less than 5 nm. Research elsewhere [19] has 
confirmed the formation of thin (5-10 nm) interme- 
diate SiC layers between diamond films and silicon 
substrates. In addition, other studies reported the 
conversion of SiOz to SiC and the evolution of CO 
[20]. This is consistent with our results that indicate 
diamond nucleation on silica begins with the forma- 
tion of SiC. 

3 . 4 .  D e p o s i t i o n  o n  c o p p e r  w i r e  

After abrading, fine scratches were visible superim- 
posed on the surface grooves produced during the 
wire manufacture. After deposition for 6 h, a uniform 
3.4 gm thick film (Fig. 11) identified as diamond by 
AES, was produced similar to that on SiC. Because 
copper does not react with carbon, no interface layer 
was detected, but the adhesion between the diamond 
and the copper was poor. 

4. Discussion and conclusions 
Our results show that diamond can be grown success- 
fully on various fibre core materials, but reactions at 
the substrate/diamond interface depend on the type 
of core. To avoid embrittlement and obtain high 
interface shear strength, the interface layer thickness 
should not be too thick. The present study has shown 

that the tungsten carbide interface layer thickness is 
independent of deposition time. This suggests that 
stable carbide reaction layers form during deposition, 
but before coverage of the substrate surface by dia- 
mond is complete. Thus, for a minimum reaction layer 
thickness, the deposition time is less important than a 
combination of high diamond nucleation density and 
high growth rate. The AES technique has been shown 
to discriminate readily at high spacial resolution be- 
tween the various allotropes of carbon. This is very 
useful for indicating the extent of mixed diamond and 
non-diamond regions in the coating, which may be 
associated with lower strength and stiffness. 

It is known that carbide layers increase the bond 
strength between diamond and metals, but too thick a 
reaction layer may lead to embrittlement of the fibre. 
In this study AES has been used to determine both 
interface layer thicknesses and composition. The res- 
ults suggest that SiC may be effective in forming thin 
thermally stable reaction layers between diamond 
coatings and substrates. AES therefore provides a 
valuable tool for relating microstructure to physical 
and mechanical properties in diamond composite 
systems. 
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