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Abstract 

Thin alumina films were deposited at low temperatures (290-420 °C) on stainless steel, type AISI 304. The deposition process was 
carried out in nitrogen by metal organic chemical vapour deposition using aluminium tri-sec-butoxide. The film properties including 
the protection of the underlying substrate against high temperature corrosion, the chemical composition of the film, the microstruc- 
ture, and the refractive index were investigated. The activation energy for the heterogeneous reaction was 83 _+ 5 kJ mol ~. Corrosion 
experiments, performed at 450 C in a hydrogen sulphide containing gas, showed that the amount  of corrosion products of an alumina 
film (0.20 + 0.05 mg cm 2) AISI 304 combination decreased with increasing deposition temperature. The alumina films, even those 
deposited at 420 'C,  exhibited an amorphous  structure, in agreement with the index of refraction. Transmission electron microscopy 
analysis revealed that extremely fine y-alumina was formed. Only OH groups were found as an impurity in the oxide film. No carbon 
was detected. 

1. Introduction 

Recently, much research has been performed on the 
deposition from the gas phase of several metal oxides, 
such a s  S i 0 2 ,  C r 2 0 3 ,  TiO2, and A1203 by means of 
metal alkoxides. The synthesis of metal alkoxides was 
extensively investigated by Bradley et al. [1, 2]. The 
metal alkoxides, which can be considered to be deriva- 
tives of an alcohol in which the hydrogen atom of the 
alcohol group is replaced by the metal M, have excellent 
properties regarding the formation of several metal 
oxides. The stabilities of these various oxides as a 
function of the temperature are given in Ellingham 
Richardson diagrams [3]. 

For the deposition of alumina films several metal-  
organic compounds were investigated [4 15], for exam- 
ple trimethylaluminium, tripropylaluminium, aluminium 
t r i - sec-butox ide  (ATSB), aluminium triisopropoxide, alu- 
minium triethoxide and aluminium t r i - ter t -butoxide .  The 
trivalent metal alkoxides are the most stable metal 
organic compounds and can be heated without decom- 
position. Another advantage is the satisfactory stoichio- 
metric requirement for the formation of oxide. In general, 
these metal organic compounds contain sufficient 
oxygen for the formation of the desired oxide. Also, the 
physical properties of the metal alkoxides such as vapour 
pressure, melting point and boiling point, and liquid or 
solid state at room temperature have to be considered 

*Author to whom correspondence should be addressed. 

before a choice will be made regarding the most promis- 
ing precursor. 

The use of the metal alkoxide ATSB was reported 
only by Okuyama et al. [16] and Kodas et al. [17] for 
the production of ultrafine alumina aerosol particles by 
thermal decomposition of ATSB. Physical properties of 
ATSB and some other aluminium alkoxides were 
reported by Sladek and Gibert [18] and Wilhoit [19] 
regarding the equilibrium vapour pressure. 

Alumina films have been employed in semiconductor 
device applications as intermetal dielectrics for silicon 
integrated circuits and passivation dielectrics for GaAs 
[-20]. They may be useful in semiconductor device appli- 
cations as a passivating layer because of their imperme- 
ability to the diffusion of alkaline ions and other 
impurities [21], in contrast with silicon oxide which has 
a high permeability to alkali ions such as sodium [22]. 
Alumina films can also be used as coatings in the field 
of high temperature corrosion, as reported by 
Morssinkhof [9]. 

Several deposition techniques are today available to 
deposit thin oxide films, such as laser-enhanced or 
assisted, plasma-enhanced, low pressure, metal organic, 
and magnetron plasma chemical vapour deposition. The 
metal organic chemical vapour deposition (MOCVD) 
technique for alumina films consists of the decomposition 
of the metal organic precursor in the vapour phase. 
This process can be carried out with or without oxygen 
at relatively low temperatures. 
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The aim of the present investigation was to study the 
development, analysis and characterization of thin alu- 
mina films, applied on AISI 304. The alumina films have 
been deposited by the thermal decomposition of ATSB 
in a nitrogen atmosphere under atmospheric pressure. 
Material properties, such as protectiveness against high 
temperature corrosion, index of refraction, structure and 
chemical composition, were investigated as function of 
the deposition temperature. 

2. Experimental details 

Alumina films were deposited by means of atmo- 
spheric pressure M O C V D  using ATSB (Janssen 
Chimica) and dried nitrogen gas. The substrate used in 
the experiments was a stainless steel, type AISI 304, 
which was cut from an electropolished metal sheet and 
ultrasonically cleaned in, consecutively, hexane and 
ethanol. 

A schematic diagram of the experimental set-up was 
shown in a previous paper [23]. The ATSB is introduced 
in the furnace by passing nitrogen gas through the ATSB 
bubbler with an equilibrium vapour pressure of ATSB 
at 138'~C of 0.13 kPa  (1.0 mmHg). The ATSB flow rate 
is adjusted by controlling the flux of nitrogen gas through 
the ATSB bubbler at atmospheric pressure. This gas 
mixture was added to the main nitrogen flow which 
enters the reaction chamber. The flow rates were con- 
trolled by using mass flow controllers (Brooks 5850TR). 
The deposition reaction was carried out in a quartz tube 
with a diameter of 45 mm. The uniform temperature 
zone in the reactor is 120mm. The specimens were 
attached to a ceramic tube with a thermocouple inside, 
parallel to the gas flow, in order to measure the substrate 
temperature and to control the furnace temperature. 
(Standard conditions were as follows: substrate temper- 
ature 330 °C; ATSB temperature, 138 °C; flow rate, 6.5 1 
min ~ (standard temperature and pressure.) The depos- 
ition rate of the films on the metallic substrate was 
determined by weighing the samples before and after the 
deposition. In the experiments specimens were used with 

2 alumina films of 0.20 _+ 0.05 mg cm 
Corrosion experiments were performed in order to 

investigate the protective capacity, i.e. the porosity, of 
the films against aggressive gas components such as 
oxygen and sulphur at high temperatures and were 
carried out in a closed system for 24 h. The system was 
first flushed with argon for 20 h with a flow rate of 16 1 
h 1. The argon was saturated with water at 15 °C. After 
this, a mixture of 5% HzS in H 2 with a flow rate of 4 l 
h 1 was introduced in the argon flow. After 2 h, in order 
to stabilize the flow, the furnace was heated to the test 
temperature (450 °C). The whole system was flushed for 
another 2 h and then closed. It was found previously 

that no relevant difference in corrosion rate and corro- 
sion products was obtained between a closed system 
and a system with a continuous flow, if the reactive gas 
consumption did not exceed 20%. 

The morphology and the composition of the corroded 
specimens were investigated by means of optical and 
scanning electron microscopy (JEOL M 35 CF), the 
latter equipped with an energy-dispersive X-ray (EDX) 
analysis system (Kevex Delta, class III). 

To characterize the chemical composition and the 
depth profile, the alumina films were analysed using a 
Perkin-Elmer  PHI  600 scanning Auger multiprobe. 
Alternate sputtering and Auger analysis were used during 
in-depth analysis. The functional groups including 
hydrogen-containing bonds within the films were mea- 
sured by Fourier transform |R  (FTIR) spectroscopy, 
using a Nicolet 20 SX FTIR apparatus. Because of the 
non-transparency of the specimens, the spectrometer was 
equipped with a diffuse reflection cell [9]. The micro- 
structure of the films was investigated by X-ray diffrac- 
tion (XRD), using a Philips PW 1710 X-ray 
diffractometer with monochromatic  Cu K s  radiation 
and a high resolution transmission electron microscope, 
model JEOL 200 CX. The refractive index of the depos- 
ited films was measured with a Plasmos ellipsometer 
(SD 2002) at a wavelength of 6328 A using an He Ne 
laser source. The angle of incidence was 70% 

3. Results 

The Arrhenius plot giving the effect of the deposition 
temperature (290-420 °C) on the deposition rate (milli- 
grams per square centimetre per hour) is shown in Fig. 1. 
The experimental activation energy for the hetero- 
geneous reaction, calculated from the region representing 
rate control by reaction, is 83 4- 5 kJ mol 1. This figure 
shows that a further increase in temperature results in a 
deposition rate less dependent on the temperature. In 

J:= 

O 

d 

.=_ 

P~ 

v 
c 

0,50 

-0.10 

-0.70 

-1.30 

-1.90 

-2.50 
1.35 

imm • 

u n r l 

1145 I 155 I 165 I .75 I ~ 85 

Temperature (1000IT(K)) 

Fig. 1. Deposition rate of alumina as a function of the deposition 
temperature (Arrhenius curve}. 
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addition, it was found that the growth rate decreases at 
even higher deposition temperatures and becomes irre- 
producible. These data are not presented in the figure. 

Corrosion studies were performed in hydrogen sul- 
phide containing gas atmospheres. The effect of the 
deposition temperature on the relative weight gain (ratio 
between the weight gains of a coated and an uncoated 
sample after the corrosion experiments) is shown in 
Fig. 2. From this figure it is clear that the amount of 
corrosion products, formed by the presence of pinholes 
and cracks, tends to decrease with increasing deposition 
temperature. In Fig. 3 scanning electron microscopy 
(SEM) pictures of the surface of sulphidized samples are 
shown. These figures represent the surface of a sample 
coated under standard conditions (see experimental 
details) and at deposition temperatures ranging from 
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Fig. 2. Histogram of the relative weight gain (per cent) of the specimens 
(after 24 h sulphidation at 450°C) as a function of the deposition 
temperature (A120 3 on AISI 304). 

330 to 420°C. At higher deposition temperatures the 
corrosion attack decreases, especially as a result of 
reduced porosity. Cracks in the alumina films are still 
present, even at high deposition temperatures, and are 
responsible for the chain-like corrosion products, which 
are more pronounced near the edges. 

To analyse the composition and the depth profile of 
the deposited alumina layers Auger electron spectro- 
scopy (AES) in conjunction with ion sputtering was 
used. In Fig. 4(a) the steady state Auger spectrum (survey 
scan) is shown of the alumina film deposited at 400 °C. 
After one or more sputtering cycles (one cycle corre- 
sponds to I min of sputtering at a rate of 44 nm min 1) 
no carbon was detected above the background level of 
the equipment. Figure 4(b) shows the AES depth profile 
of the same sample with a thickness of about 0.5 lam. In 
this figure the Auger peak-to-peak height ratio is given 
as function of the sputtering depth. Also, at lower 
deposition temperatures, even at 300 °C, no carbon was 
found in the alumina film. Figure 5(a) shows a steady 
state Auger spectrum (survey scan) without sputtering 
of the alumina-deposited specimens at 330°C. In this 
figure the carbon peak was detected just above the 
background level but disappeared after one sputtering 
cycle. Figure 5(b) shows a survey scan after 0.3 gm of 
sputtering and Fig. 5(c) gives the depth profile of the 
alumina-deposited specimen. 

FTIR spectroscopy was used to identify the functional 
groups in the alumina film, including hydrogen atoms, 
which are not detectable by SEM, EDX or AES. Figure 6 
shows the FTIR absorbance spectra of the alumina films 
on AISI 304 as a function of the deposition temperature. 

(a) (b) 

(c). (d) 

Fig. 3. SEM images of the surface morphology of coated samples after 24 h of sulphidation at 450 °C for deposition temperatures of (a) 330 °C, 
(b) 370 °C, (c) 400 °C and (d) 420 °C. 
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Two specific abso rbance  bands  with wavenumbers  of 
a pp r ox ima te ly  900 950 c m -  1 and  3000 3700 c m -  ~ were 
found, indicat ive of  the A 1 0  and H - O  bonds  respec- 
tively. The peak a r o u n d  900 950 cm 1 is not  found in 
the l i te ra ture  as one character is t ic  band  for the A 1 0  

bond.  Nevertheless ,  this peak  is cons idered  as a charac-  
teristic peak  for the a lumina  film [9]. The H O IR 
abso rbance  band  decreases in intensi ty with increasing 
depos i t ion  tempera ture .  Fu r the rmore ,  it is observed that  
the abso rbance  bands  a r o u n d  900 950 cm - 1 increase in 
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Fig. 6. FTIR absorbance spectra of alumina films deposited at different 
deposition temperatures. 
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Fig. 5. AES analysis of the alumina film on AISI 304, deposited at 
330°C: (a) AES survey scan; (b) AES survey scan after 0.3 ~tm of 
sputtering; (c) AES depth profile of the alumina film. 

intensity and shift towards higher wavenumbers with 
higher deposition temperatures. Figure 7 shows the 
wavenumber of the A 1 0  bond as function of the 
deposition temperature. 
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Fig. 7. Peak position of the AI-O bond, obtained from the FTIR 
absorbance spectra of alumina films, deposited at different deposition 
temperatures. 

The microstructure of the alumina films was investi- 
gated by XRD. From the XRD patterns of the alumina 
films deposited at various temperatures (290-420 °C) no 
crystalline phase could be determined. This indicates 
that the film has an amorphous structure. Figure 8 
shows transmission electron micrographs of the alumina 
oxide deposited at 330°C. From this figure it is seen 
that at a deposition temperature of 330 °C TEM observa- 
tions provide electron diffraction ring patterns revealing 
an extremely fine grain size of the alumina; between 8 
and 20 nm. 

The refractive indices were measured with the Plasmos 
ellipsometer and are shown in Fig. 9. In this figure the 
variation in the refractive index of the alumina films is 
given as a function of the deposition temperature. The 
apparent index of refraction was found to vary in the 
range 1.53 1.60, increasing with the deposition temper- 
ature of the alumina film in nitrogen. It was also found 
that the refractive index did not change, within the 
accuracy of the measurements, with coating thickness. 
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(a) 

(b) 
Fig. 8. (a) Transmission electron microscopy (TEM) image of the 
alumina film surface, deposited at 330 C with (b) the corresponding 
TEM diffraction ring patterns. 
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Fig. 9. Index of refraction of the alumina films deposited on AISI 304 
as a function of the deposition temperature. 

4. Discussion 

The present study has shown that the protectiveness 
of the alumina films against high temperature corrosion 

increased when the deposition temperature of the 
MOCVD-deposited alumina films changed from 290 to 
420 :'C. The relative weight gain is reduced from more 
than 30% to less than 1%, compared with the uncoated 
specimens. Corrosion products were found all over the 
surface, especially chainqike and single-crystal corrosion 
products, all iron-rich sulphides. The chain-like corro- 
sion products were caused by the presence of cracks in 
the alumina films, related to the internal stress in the 
thin oxide film. These cracks are present even when high 
deposition temperatures are used. The presence of the 
cracks was explained [9] by intrinsic and thermal 
stresses. The thermal stress can be quantified, knowing 
the Young's modulus of the film and the thermal expan- 
sion coefficients of the film and the substrate. The 
amount of intrinsic stress is a function of several process 
parameters. 

The single crystals of FeS were formed mainly as a 
result of the presence of fast diffusion paths such as 
pinholes. With increasing deposition temperature a sig- 
nificant change in this corrosion behaviour appeared. 
These single-crystal corrosion products have almost 
disappeared when the deposition temperatures increased 
to 420 :'C. On the contrary, at high deposition temper- 
atures the process is carried out in the diffusion-limited 
region resulting in a less uniform thickness of the coating, 
which was also confirmed by a high amount of diffusion 
rings on the specimens indicative of the diffusion-rate- 
limited deposition regime. Therefore, more research is 
necessary to deposite pore-flee alumina films under 
reaction-rate-limited conditions. 

One of the major advantages of the MOCVD process 
is the low temperature of formation of A1203 following 

AI(s_OC4Hg)3 ~T> ½A1203 +products  

On decomposition of ATSB, volatile products are also 
formed. The main products are water, 2-butanol and 
butene [24]. The porous structure and thus the low 
protectiveness of the alumina film can now be explained 
by an incomplete conversion of the ATSB molecules, 
mentioned above, especially at the lower deposition 
temperatures. Incorporation of A10(OH), H 2 0  or alco- 
hol (responsible for the carbon impurities, but not found 
in alumina films from ATSB, as is discussed later) in the 
film will be possible. This was also suggested by 
Baryshnikov et al. [24] who reported that at low conver- 
sion of the M(OR)/molecules, the corresponding alcohol 
was identified in amounts of up to 1 mole per mole of 
the substance being decomposed. The use of other 
precursors will probably lead to higher levels of impuri- 
ties. For example, carbon impurities were also found by 
Temple and Reisman [21] who studied the thermally 
activated decomposition of aluminium hexafluoracetyl- 
acetonate from the gas phase to form alumina on silicon 



V. A. C. Haanappel et al. / Atmospheric pressure MOCVD alumina 151 

substrates. By means of X-ray photoelectron spectro- 
scopy the approximate atomic concentration of carbon 
in the film was found to be in the range 3 % - 7 %  and 
increased with increasing substrate temperature during 
deposition. Kobayashi et  al. [25] reported that low 
deposition temperatures of alumina from aluminium 
triisopropoxide produce a large carbon contamination. 
Pande et  al. [,26], studying the alumina deposition from 
trimethylaluminium and nitrous oxide as reactant 
sources, occasionally found carbon (less than 5%). The 
presence of carbon is most likely a result of partial 
decomposition of the metal-organic precursor [-24-27]. 

Furthermore, as well as the incorporation of OH 
groups or carbon, the AI:O ratio also depends on the 
deposition temperature. Korzo [28] reported that low 
conversion temperatures will lead to a rupture of the 
weak O - R  bonds. At higher deposition temperatures 
rupture of the strong A1-O bonds will also be possible. 
Therefore, the non-stoichiometry of the compound of 
the A1Ox with x ¢  1.5 depends also on the deposition 
temperature. Because of the relatively low accuracy of 
the methods of analysis and characterization, it was not 
possible to determine the aluminium:oxygen ratio 
exactly, but as a result of the low deposition temperatures 
it was not assumed that the A 1 0  bond was ruptured. 

To determine the presence of impurities in the alumina 
films, AES and FTIR measurements were carried out. 
AES was used for alumina films deposited between 300 
and 400°C. From the AES depth profile and steady 
state Auger spectra (survey scan) it was found that no 
carbon was detected, or at least the carbon peak was 
below the background level. This means that the sugges- 
tion of Baryshnikov et  al. [24] implying the incorpora- 
tion of the corresponding alcohol was not confirmed. 
Even at lower deposition temperatures, such as 300 °C, 
no carbon was found or detected. Comparing our results 
obtained from the methods of analysis of the alumina- 
deposited AISI 304 from ATSB with the other results 
[-24-27] it can be concluded that it is the use of the 
precursor ATSB that will lead to a very low level of 
carbon incorporation, which is smaller than the detection 
level of the AES technique. 

With the FTIR functional groups were identified. It 
was found that the H O absorbance band decreases in 
intensity as the deposition temperatures increase. This 
indicates that fewer hydrogen atoms are incorporated 
into the film which can support the suggestion that the 
incorporation of A10(OH) or H 2 0  is much more accept- 
able than the incorporation of the alcohol or carbon. 

The peak of A 1 0  becomes sharper with increasing 
deposition temperature and shifts towards higher wave- 
numbers. The shift of the characteristic A1-O peak 
around 900 950cm 1 to higher wavenumbers with 
increasing deposition temperature may be explained by 
a lower concentration of OH groups in the alumina 

films, an increased effect of the contribution of the 
difference in thermal expansion, and by the higher 
deposition temperatures, which probably result in a 
significant decrease in the intrinsic stress in the alu- 
mina films. 

The effect of stress on the peak position of several 
FTIR spectra of amorphous silica, deposited by the low 
pressure pyrolysis of organometallic precursors, was 
discussed previously by Desu [-29]. It was found that a 
change in internal stress, either the intrinsic or the 
thermal stress, will have an effect on the stretching and 
bending band of the silica. Stress relaxation by annealing 
results in a positive shift of the S i -O-Si  stretching band 
and a negative shift of the S i -O-Si  bending band. 
According to Desu [-29], annealing at high temperatures 
reduces the S i -O-Si  bond angle strain which might 
explain the decrease in intrinsic stress with increasing 
deposition temperature. For  the A1-O system much less 
information [30] is available on the peak positions of 
the bending and stretching bands. Nothing is known 
about peak positions in relation to the internal stress of 
the alumina film and thus also nothing about the sign 
of the stress. Furthermore, the internal stress of the film, 
as shown by Desu [,29], may also have an effect on the 
position of the characteristic A1-O peak. 

As mentioned above, low deposition temperatures will 
result in larger amounts of OH groups and will probably 
contribute to the total stress and thus to the shift of the 
A1-O peak. Preliminary results in which water was 
added to the nitrogen gas flow showed that at lower 
deposition temperatures of 280 °C and 330°C the OH 
band was much more pronounced with increasing water 
content (0%-80% in ATSB). On the contrary, no shift 
towards higher wavenumbers was found for the A1-O 
IR absorbance band. This means that the effect of OH 
incorporation on the positive shift of the A 1 0  band 
can be neglected. 

It is also clear that the characteristic A1-O IR absor- 
bance band changed in shape. For  low deposition tem- 
peratures, this peak was smooth and broad, but it 
becomes sharper with higher deposition temperatures. 
Morssinkhof [-9] related this effect to the decrease in the 
amount of OH, which has also a peak at 1050 cm-1. 
Kang and Chun [-22] attributed this effect to the fact 
that in general the IR spectra of glassy or amorphous 
materials are smooth and broad, while those of crystal- 
line materials are relatively sharp. This corresponds well 
to the results obtained from TEM. The TEM analysis 
indicates that microcrystalline phases were observed, 
between 8 and 20 nm, at a deposition temperature of 
330 °C and increased in size with increasing deposition 
temperature. From the results above, the incorporation 
of impurities will have an effect on the broadening of 
the peak and intrinsic and thermal stress on the shift 
of the peak position. 
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As already mentioned before, the structure of the 
alumina films was also determined by XRD and TEM. 
For all the coatings (deposition temperature 300 400 °C) 
X-ray spectra did not exhibit any indexable alumina 
peak, revealing the amorphous  character of the films. 
Kang and Chun [-22] also reported that transmission 
electron micrographs of alumina films display electron 
diffraction patterns exhibiting interference rings at low 
deposition temperatures, indicative of an amorphous  
structure, and at higher deposition temperatures diffrac- 
tion rings, indicative of an extremely fine grain size of 
the alumina film. This implies the absence of a long- 
range order in the chemical bonding of this material 
formed at temperatures between 300 and 400"C. As 
shown in Fig. 9, the refractive index of the alumina film 
increases slightly with temperature, and lies between 1.53 
and 1.60. Furthermore, no trend was observed with 
variation in the coating thickness. These low values of 
the refractive index correspond to the value for amor- 
phous alumina [-12, 22, 31]. The standard value for 3'- 
alumina is about 1.7. Kang and Chun [22] suggested 
that the low value of the refractive index is also related 
to a low film density and hydrogen incorporation. From 
the corrosion experiments is was found that the porous 
structure decreased with increasing deposition temper- 
ature, indicative of a more densified structure of the 
alumina film. Ehle et  al. [-27] suggested that the higher 
index of refraction with increasing deposition temper- 
ature is due to a corresponding change in the microstruc- 
ture of the films from the amorphous  to the 
polycrystalline y-phase. Temple and Reisman [21] 
reported that the low refractive index is also due to the 
presence of carbon impurities. Our  results revealed no 
carbon impurities in the deposited alumina films, even 
at low deposition temperatures. As mentioned earlier, it 
was determined with FTIR measurements that higher 
deposition temperatures correspond to a lower O H 
peak. This means that our results agree well with those 
of Kang and Chun [22]. 

The M O C V D  technique described in this paper allows 
low deposition temperatures for the formation of alu- 
mina films from ATSB. The alumina film contains no 
impurities except hydrogen, but cracks and pores are 
still present. This might be due to the presence of internal 
stress, a low resistance against thermal shock or an 
incomplete conversion of the precursor. Much more 
research is required to optimize the M O C V D  process in 
order to obtain a dense, pore- and crack-free alumina 
film. 

5. Conclusions 

The pyrolytic decomposition of ATSB, carried out at 
atmospheric pressure in the low temperature range 

290-420°C in nitrogen, resulted in the deposition of 
thin alumina films. 

From the corrosion experiments it was observed that 
the protectiveness of the deposited alumina films 
increased with increasing deposition temperature. This 
is explained by a less porous structure of the film. 
Nevertheless, cracks are still present in the alumina films, 
owing to the presence of internal stress and/or a low 
thermal shock resistance. 

From XRD measurements it was concluded that the 
alumina films, deposited on AISI 304, have an amor- 
phous structure, even at the highest deposition temper- 
ature of 420 cC. However, with TEM analysis a very fine 
grain size (few nanometres) of y-alumina was observed. 
The refractive index of the alumina film slightly increases 
with deposition temperature from 1.53 to 1.60. 

From the FTIR spectra it was shown that the amount  
of O H  groups incorporated in the alumina film decreases 
as the deposition temperature increases. With AES no 
elements other than aluminium and oxygen were found. 
Carbon was not detected above the background level of 
the AES spectra, even for alumina films deposited at 
300 :'C. 
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