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Thermal oxidation characteristics of chemical 
vapour deposited diamond films 

Q. SUN, M. A L A M  
Department of Materials and Metallurgical Engineering, New Mexico Institute of Mining and 
Technology, Socorro, NM 87801, USA 

Thermal oxidation characteristics of chemical vapour deposited diamond films were studied at 
973 K and at different oxygen potentials by analysing the samples before and after partial 
oxidation using optical and scanning electron microscopy, X-ray diffraction, and Raman and 
luminescence spectroscopy. On oxidation, diamond films attached to the silicon wafers 
undergo a colour change. Oxidation proceeds by etching pits on the diamond grains in the 
films. There is no evidence of any phase transformation of diamond to non-diamond carbon 
forms. The concentration of defects, particularly neutral vacancies, increase on oxidation. 
Possible routes for the reaction between diamond and oxygen are postulated. 

1. I n t r o d u c t i o n  
The potential applications of chemical vapour  depos- 
ited (CVD) diamond films in advanced materials tech- 
nology are numerous. In many of the applications, 
diamond-coated components are likely to be exposed 
to oxygen in air at elevated temperatures. Such an 
exposure would lead to graphitization and/or oxida- 
tion of the diamond film with associated degradation 
in properties followed by premature failure of the 
component.  A study of the thermal oxidation behavi- 
our of CVD diamond films is vital for seeking in- 
formation regarding environmental limitations in 
terms of temperature and oxidation potential for safe 
use of such films in a variety of applications. During 
the last 2 years, several papers have been published 
dealing with thermal oxidation of CVD diamond films 
[1-8].  

Optical microscopy, scanning electron microscopy, 
X-ray diffraction, Raman spectroscopy and lumin- 
escence spectroscopy data are presented for CVD 
diamond films before and after partial oxidation at 
973 K and in oxygen-bearing environments contain- 
ing 25-100 vol % oxygen. The objective of the study 
was to understand the mechanism of oxidation of 
CVD diamond films. 

2. Experimental procedure 
Diamond films were deposited on a 22 mm diameter 
area on 25.4 mm diameter single-crystal silicon wafers 
(1 1 t orientation) from CH4-H2 gas mixtures by a hot 
filament-assisted CVD process in a bell-jar system, 
using tungsten ribbon filaments (0.762mm wide, 
0.0762 mm thick). All films were prepared under 
identical conditions: substrate temperature was 1223 K, 
methane content of the input gas was 0.5 vol %, system 
pressure was 30torr (1 torr was 133.322 Pa), total gas 
flow rate was 100 standard cm 3 min -1, filament tem- 
perature was 2273 K, distance between filament and 

substrate was 5 ram. Prior to deposition, the silicon wa- 
fers were scratched with 43 gm diamond powder. The 
films were grown for 20h  at an average rate of 
0.32 lam h-1  and had an average thickness of about  
6.4 ~tm. 

Diamond films were oxidized in a thermogravi- 
metric system at 973 K until they lost 25 % of their 
initial weight. The gas phase was a mixture of U H P  
grade argon and oxygen. The oxygen content of vari- 
ous gas mixtures was 25, 50, 75 and 100 vol %. All 
measurements were carried out at atmospheric pres- 
sure and at a total gas flow rate of 0.0167 1 s -  1. 

3. Results and discussion 
Four  diamond films were studied for oxidation. The 
conditions under which the films were oxidized are 
presented in Table I. The samples are referred to in the 
following paragraphs by the sample numbers listed in 
the table. 

3.1.  Opt ica l  m i c r o s c o p y  
Optical photographs of an unoxidized diamond film 
and of films after partial oxidation are presented in 
Fig. l a ~ .  After oxidation, the colour of the samples 
changed from light grey to black. To determine 
whether the colour change was induced by heating 

TABLE I Sample oxidation conditions 

Sample T(K) 02 (vol %) E = (W r - W~)/Wi a 

1 973 25 0.34 
2 973 50 0.25 
3 973 75 0.26 
4 973 100 0.26 

a Wi ' Wf are the weights of the samples before and after partial 
oxidation, respectively. 
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3.2. Scanning electron microscopy 
Scanning electron micrographs of the growth side of 
diamond films before and after partial oxidation are 
presented in Fig. 3a-e. Unoxidized film exhibits the 
typical crystalline morphology which is dominated by 
octahedral faces. The individual diamond crystallites 
range in size from 0.5-3 lam. After partial oxidation, 
well-faceted crystals do not exist in any of the samples. 
Pits of various sizes can be observed. The degree of 
attack seems to be the same all over (crystal edges, 
crystal surfaces, etc.). It is concluded that in all cases 
oxidation proceeds by etching pits into the film. 

A comparison between the oxidation behaviour of 
the deposition side and substrate side of the diamond 
film is interesting. Scanning electron micrographs of 
the substrate side of diamond films before and after 
partial oxidation are presented in Fig. 4a and b. The 

Figure 10ptical photographs of the diamond films attached to the 
silicon wafers. Samples: (a) before oxidation, (b) 1, (c) 2, (d) 3, (e) 4. 

alone, or whether the presence of oxygen was also 
necessary, a diamond film attached to the silicon wafer 
was heated at 973 K for 1 h in UHP grade argon 
flowing at 0.0167 1 s -1. No colour change was ob- 
served, indicating that the phenomenon was not a 
result of simple heating: the presence of oxygen was 
necessary. The colour change could be the result of 
oxygen-assisted phase transformation of diamond to 
non-diamond carbon forms. To examine this possibil- 
ity free standing diamond films were prepared and 
partially oxidized under identical conditions. Optical 
photographs of an unoxidized diamond film and of a 
film after partial oxidation in pure oxygen are pre- 
sented in Fig. 2a and b. The free-standing diamond 
film before oxidation was pale yellow in colour but 
appeared light grey in the outer regions where silicon 
was underneath. After partial oxidation, the portion of 
the diamond film that was free did not undergo any 
colour change, while that portion of the film over the 
silicon changed colour from light grey to black. This 
observation suggests that the colour change is not a 
result of transformation of diamond to a non-dia- 
mond carbon form, but is rather an optical effect. 

Figure 20ptical photographs of the diamond films partially re- 
moved from the silicon wafers. Samples: (a) before oxidation, (b) 
after oxidation (in pure oxygen) at 973 K for 30 min. 

5858 

Figure 3 Scanning electron micrographs of the diamond films at- 
tached to the silicon wafers. Samples: (a) before oxidation, (b) 1, (c) 2, 
(d) 3, (e) 4. 



sample was oxidized in pure Oxygen. Comparison of 
Figs 3a and 4a indicates that the substrate side of the 
diamond film is very smooth, compared to the depos- 
ition side. On the substrate side, the boundaries be- 
tween the grains are clearly visible. Void spaces can 
also be seen which are a result of nucleation and 
subsequent growth behaviour. Comparison of Figs 3e 
and 4b indicates that on the substrate side, the degree 
of attack is somewhat less; however, grain boundaries 
are etched more severely, compared to the grains. 

Figure 3 continued. 

3.3. X-ray diffraction 
X-ray diffraction (XRD) measurements were carried 
out to identify transformation of diamond in the films 
to crystalline non-diamond carbon forms upon oxida- 
tion. The XRD patterns of unoxidized and partially 
oxidizeddiamond films are presented in Fig. 5am. The 
unoxidized diamond film shows all three diamond 
peaks, (1 1 1), (220) and (3 !1), in the 20 range scan- 
ned (20~176 The other reflections are character- 
istic of the silicon wafer. In samples partially oxidized 
at 973 K in various oxygen-bearing gases, the three 
diamond peaks are still present despite the loss of well- 
faceted crystalline morphology as evinced by SEM. 
Signals from crystalline non-diamond carbon forms 
were not observed. XRD studies, therefore, suggest 
that oxidation of CVD diamond films up to 973 K in 
gas mixtures containing from 25-100 vol % oxygen 
balance argon is not accompanied by phase trans- 
formation of diamond to crystalline non-diamond 
carbon forms (graphite, chaoite, lonsdaleite, carbynes, 
etc.). However, these studies do not rule out the 
possibility of phase transformation of diamond to 
amorphous non-diamond carbon forms. 

Figure 4 Scanning electron micrographs of the substrate side of the 
d iamond films. Samples: (a) before oxidation, (b) after oxidation at 
973 K, F = 0.25. 

3.4. Raman spectroscopy 
As mentioned above, XRD provides no information 
regarding the presence of amorphous carbon phases, 
even if they dominate the deposits. Raman spectro- 
scopy is a much more sensitive technique for the 
identification of amorphous carbon phases. Therefore, 
Raman spectroscopy was performed to identify the 
transformation of diamond to amorphous carbon 
forms during oxidation. The Raman spectra of un- 
oxidized and partially oxidized diamond films are 
presented in Fig. 6a-e. In all cases, sharp peaks at 520 
and 1332cm -1, and the broad maximum centred 
around 1550cm -1 are attributed to silicon wafer, 
diamond and a highly disordered carbon phase con- 
sisting of both sp 3 and s p  2 hybridized carbon that is 
amorphous in nature, respectively. The intensity of the 
diamond Raman band relative to the silicon Raman 
band is a measure of the amount of film assuming that 
the accompanying "diamond-like carbon" is not ab- 
sorbing too much light. On oxidation, the above- 
mentioned ratio decreases as expected, indicating a 
decrease in film thickness. The only exception is the 
sample oxidized at 973 K in pure oxygen (Fig. 6e). The 
stronger diamond peak relative to silicon in this 
sample has been explained previously in terms of 
preferential oxidation of (1 1 1) planes of diamond [3]. 
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amorphous non-diamond carbon does not allow 
Raman spectroscopy to detect a build-up in the con- 
centration of non-diamond carbon on oxidation. 

3.5. Luminescence spectroscopy 
Luminescence spectroscopy is a powerful tool to 
examine defect concentrations in diamond films. 
Luminescence spectra were obtained to see if the data 
could be used to characterize oxidized versus un- 
oxidized samples. Spectra from unoxidized and sev- 
eral oxidized diamond films are presented in Fig. 7a-c. 
Both unoxidized and oxidized diamond films contain 
a number of optical centres which produce a series of 
features. In each spectra, the sharp peak at about 
5800cm -1 is interesting. This spectral feature has 
previously been attributed to the neutral vacancy [8]. 
The intensity of this peak relative to the diamond peak 
is indicative of the vacancy concentration in the film. 
The intensity ratio increases with increasing oxygen 
content of the gas phase, indicating a concomitant 
increase in the vacancy concentration. The significant 
differences in the fluorescence of unoxidized and 

oxidized diamond films can be used as an indicator of 
film degradation by oxidation. 

3.6. Oxidation mechanism 
Both XRD and Raman spectroscopy failed to identify 
any phase transformation of diamond in the CVD 
films to non-diamond carbon forms. However, the 
possibility of phase transformation cannot be ruled 
out. Oxidation of diamond can, therefore, proceed in 
two ways: 

1. direct reaction of diamond with oxygen to form 
CO and/or CO2; 

2. transformation of diamond to non-diamond 
carbon, followed by reaction of non-diamond carbon 
with oxygen to form CO and/or CO 2. If the oxidation 
proceeds by this mechanism then the rate of reaction 
of the non-diamond carbon with oxygen is higher than 
the rate of its formation (otherwise the transformed 
phase would have been detected) suggesting that the 
overall oxidation rate is limited by the rate of trans- 
formation of diamond to non-diamond carbon. 

Of course, oxidation can proceed by both the 
routes. 
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Figure 7 Luminescence spectra of the diamond films. Samples: (a) 
before oxidation, (b) 1, (c) 4. 

4. Conclusions 
Thermal oxidation behaviour of synthetic diamond 
films prepared by hot filament-assisted CVD process 
was investigated at 973 K and at different oxygen 
partial pressures in the gas phase. Oxidation proceeds 
by etching pits in the film and there is significant 
difference in the oxidation behaviour of the free sur- 
face and substrate side of the film. The quality of the 
film deteriorates rapidly as the defect concentration 
increases (neutral vacancies) rapidly, as oxidation 
occurs. X-ray diffraction and Raman spectroscopy 
failed to identify transformation of diamond to 
crystalline or amorphous non-diamond carbon forms. 
However, the possibility of phase transformation can- 
not be ruled out. Perhaps the films oxidize by direct 
reaction between diamond and oxygen. If, however, 
oxidation occurs via an intermediate, the rate of oxi- 
dation of the intermediate phase is higher than the 
rate of its formation from diamond. 
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