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Effect of complete oxidation on the vibrational properties
of aluminum oxide thin films: An electron-energy-loss-spectroscopy study
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The vibrational properties of ultrathin (8-15 A) aluminum oxide films deposited on a Mo(110)
substrate are studied with use of high-resolution electron-energy-loss spectroscopy (EELS) under
specular-scattering conditions. It is found that remarkable intensity changes in the low-frequency
(400-cm ~!) optical-phonon mode can be induced by varying the extent of oxidation in the thin film.
Two types of characteristic phonon energy-loss spectra are obtained from EELS measurements,
which correspond to Al-rich nonstoichiometric films and fully-oxidized aluminum oxide films, re-
spectively. Conversion between the two types of oxide films can be achieved by chemical means. By
means of combined EELS and Auger-electron-spectroscopy studies, spectroscopic criteria for com-
plete oxidation are provided for the aluminum oxide thin films. Possible structure changes follow-

ing the process of complete oxidation are discussed.

I. INTRODUCTION

The oxidation process on metal surfaces has tradition-
ally been an active area of surface-spectroscopic investi-
gation due to the importance of metal oxidation in metal-
lurgy, catalysis, electrochemistry, and other technologies.
In the case of an oxide thin film on a bulk metal, a
“metal-rich” oxide is expected, or in other words, the ox-
ide is produced in a metallic environment. For the spec-
troscopic investigation of oxidation, techniques such as
Auger-electron spectroscopy (AES) and x-ray photoelec-
tron spectroscopy (XPS) are often employed. In these in-
vestigations, the existence of a ‘“metal background”
sometimes interferes, making it very difficult to address
such issues as completeness of oxidation, structural and
chemical properties of the oxide film, etc.

It is therefore interesting to compare, for example, the
vibrational properties of a pure oxide with that of an ox-
ide in a metallic environment. Deposition of thin metal
or metal oxide films on a carefully chosen substrate may
provide an alternate method in which the overlayer-
metal-oxide properties can be separated from that of the
substrate under favorable conditions. In the past, high-
resolution electron-energy-loss spectroscopy (EELS) has
been successfully used to study the oxidation of metals
and the vibrational spectrum of metal oxides.! ~7 Recent-
ly, EELS has also been used to study the vibrational
properties of ultrathin metal films, such as the ordered Ni
film deposited on a Cu(100) substrate.®

High area aluminum oxide has been used traditionally
as a supporting material in catalytic chemistry.” Alumi-
num oxide thin films, either grown on Al metal or vapor
deposited on a substrate, have been used recently in the
study and modeling of supported metal catalysts where
the metal is deposited by evaporation in ultrahigh vacu-
um on the oxide film.!°”!? A fundamental understanding
of the properties of the oxide film, especially the vibra-
tional properties, is of considerable importance to the
research of this type.

The oxidation of aluminum has been extensively stud-
ied in the past.!* An appreciable amount of experimental
work has been carried out on oxidized aluminum single
crystals using AES,'* surface extended x-ray absorption
fine structure SEXAFS,!>1° photoemission,lF2l ion
scattering,? inelastic electron tunneling,?* infrared spec-
troscopy’*?> and EELS.>~ 726730 Experimental investi-
gations of the vibrational properties of aluminum oxide
films supported on different substrate materials, such as
Si and Au, have also been reported previously, using the
reflection ir absorption method.’' However, most of
these vibrational investigations were performed with
rather degraded resolution—possibly due to the inhomo-
geneity associated with the rather thick Al,O; films used.
Also, due to the limited spectral range in ir measure-
ments, the observation of low-frequency (~600 cm ™! or
lower) vibrational modes in oxide thin films is severely
hindered. On the other hand, little work of the type re-
ported here has been due to exploit the sensitivity and
spectral range of EELS to characterize the vibrational
properties of deposited aluminum oxide thin films on in-
ert substrate materials.

In this paper we present an Auger-electron-
spectroscopy and high-resolution electron-energy-loss-
spectroscopy study of the vibrational properties of ul-
trathin (a few monolayers) aluminum oxide films deposit-
ed on a Mo(110) single crystal surface. We show that re-
markable changes in the optical-phonon mode spectrum
in the thin film can be induced by varying the extent of
oxidation in the oxide.

II. EXPERIMENT

Experiments were carried out in a stainless-stee]l UHV
chamber described previously.® The typical base pressure
of the UHV system was lower than 1X 107 '© mbar. The
apparatus is equipped with a single-pass cylindrical-
mirror-analyzer (CMA) Auger optics and a Leybold-
Heraeus ELS-22 spectrometer for high-resolution
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electron-energy-loss-spectroscopy studies. EEL spectra
were recorded in the specular direction at an incident
electron beam energy of 3.8 eV. The typical resolution
[full width at half maximum (FWHM)] for the
Al,0;/Mo(110) system was 80—100 cm ! at an elastic
beam counting rate of 1X10° cps. Auger measurements
were recorded in the dN (E)/dE mode at a primary beam
energy of 3 keV, a modulation voltage of 3.0V and a
total electron current of 3 uA at the crystal. Both EEL
and Auger measurements were performed with the sub-
strate below 150 K. The digitally recorded EEL spectra
in this work were processed by a Fourier filtering
method?? to improve the signal-to-noise ratio.

The Mo(110) single crystal was oriented, polished, and
mounted with standard procedures® for cooling to 90 K
and heating to 1400 K by passing current through 0.25-
mm-diam W support wires. The cleanness of the
Mo(110) surface is assured by Auger electron spectrosco-
py. The aluminum evaporation source was built by wind-
ing Al wire (Goodfellow Advanced Materials, 99.99 + %)
on tungsten filaments which could be resistively heated.
Aluminum oxide deposition was achieved by evaporating
Al in the presence of O, gas (Linde, 99.999+ %) with the
Mo(110) substrate at ~90 K for all depositions. The ox-
ide film was generally annealed at 1200 K in vacuum for
typical times of 30 min to 1 h to order and stabilize the
structure before EEL and Auger spectra were taken. By
controlling the O, pressure during deposition, films with
different degrees of oxidation were obtained. The typical
rate of oxide deposition was 2-3 A/min. The formation
of the aluminum oxide was monitored by AES, and the
thickness of the oxide layer determined by measuring the
attenuation of the Mo(MNN) Auger transition signal at
186 eV. The oxide thin film can be made with very good
reproducibility at a typical thickness of 8-15 A. This
thickness is ideal for EELS measurements since a thicker
layer would undergo charging resulting in a decrease of
EEL spectral resolution. With the detection limit of
EELS (better than 1% for CO), no CO adsorption on the
oxide film was detected at 90 K following a 7.5 L CO ex-
posure (I L=1 langmuir=1X10"° torrsec=3.8X 10"
CO/cm?), which indicates that aluminum oxide, in the
thickness range mentioned above, covers the Mo(110)
completely.

It has been shown through photoemission, X-ray
diffraction,’ SEXAFS,'® and slow positron® studies that
amorphous aluminum oxide experiences a phase transi-
tion from an amorphous to a crystalline (y-Al,0;-like)
phase over a rather wide temperature range from 650 to
1300 K. Our EELS studies also indicate that a major
structural change occurs upon heating the oxide layer
(Fig. 1). Codeposition of aluminum and oxygen at 110 K
resulted in amorphous or poorly ordered aluminum oxide
as the EEL spectrum [Fig. 1(a)] shows only a broad pair
of loss feature at around 790 cm ™' and 1445 ¢cm ™!, al-
though AES clearly showed that oxidation of AI° had oc-
curred. Upon heating the codeposited oxide layer to 700
K or above, the amorphous-to-crystalline transition
occurs as indicated by the marked change in the EEL
spectra [Figs. 1(b) and 1(c)], resulting in distinct energy-
loss features. It is probably not necessary for a long-
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FIG. 1. AlL,O; formation on Mo(110) as a function of sub-
strate temperature; EEL spectra showing the development of
energy-loss features upon heating: (a) after codeposition of
aluminum and oxygen on Mo(110) at 110 K; (b) after heating to
700 K;; (c) after heating to 1100 K.

range ordering in the crystal structure to be present in or-
der to produce the distinct energy-loss spectrum. There-
fore the term ‘“‘crystalline” oxide may not involve very
long-range ordering, although definite information about
the range of order is not available. The extended temper-
ature range available for heating the oxide film on the Mo
substrate, which is unattainable on Al single crystals due
to the low melting point of Al, facilitates the structural
development of the aluminum oxide. Direct x-ray
diffraction measurement has been carried out by Briiesch
et al.’! in their study of a sputter-deposited aluminum
oxide thin film on Si(111) wafers, where the y-Al,0,
structure was confirmed after heating to 1300 K. Also, it
is observed that diffusion between substrate Mo and the
thin film of aluminum oxide did not pose a problem in
our temperature range as judged from the Auger spectra
taken before and after annealing. There was no clear
EELS evidence for molybdenum oxide formation in the
same temperature range, nor for Mo migration into the
Al,O; film.

III. RESULTS AND DISCUSSION

A. Brief summary of previous results

Before proceeding with the experimental observations,
it is useful to briefly summarize the results of previous
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EELS studies of the vibrational properties of aluminum
oxide thin films formed on aluminum single crystal sur-
faces. It should be kept in mind that all the EELS results
referred to here are recorded under specular-scattering
conditions which reflect only the dipole active optical-
phonon modes at the center of surface Brillouin zone
(SBZ),T.

EELS studies of the vibrational properties of aluminum
oxide have been carried out on single crystal aluminum
surfaces oriented in {(111) and (100) crystallographic
directions.’ 7273 For oxide layers of 5-10 A thick-
ness, the results from EELS experiments on both surfaces
were very similar, namely, there are three distinct
energy-loss features located at v,, 325-430 cm” b Vi,
625-650 cm~!; and v,, 820-880 cm ™', Figure 2 shows
the EEL spectrum of the oxide film on an Al(111) surface
recorded in our earlier work under specular-scattering
conditions.” The assignment and interpretation of these
loss features was primarily based on the lattice dynamical
model calculation of Erskine, Strong, and co-workers.’
Their calculation employed a slab model of Al and O
with parametrized force constants. Dipole active
optical-phonon frequencies at the center of the surface
Brillouin zone, T, were calculated with the set of force
constants best fitted to the observed vibrational frequen-
cies. According to the results of the calculation (see in-
set, Fig. 2), the high-frequency loss mode v; was attribut-
ed to a vertical vibrational motion in which the displace-

I L 1] T T T
1 : 1 \
L O 0 ! 0
Al Al A A}l LA ' Al
0 . o 0
acoA VA A ALA
ALO,/AI(I11) b oy
865
:.Z Vy 1730
= [ 2)y
|
g
] x 20
>
|:
(92}
4
uwl
-
Z
65 cm-!
L . .

1 1
1000 2000
ENERGY LOSS (cm-')

FIG. 2. EEL spectrum of an oxidized Al(111) surface (Ref. 7)
and the schematic diagram indicating the mode assignments by
Erskine and Strong (Ref. 5). Oxide thickness d =5 A.

ment of the oxygen underlayer and the subsurface Al
plane are 180° out of phase. The mode v, at 645 cm ™'
was attributed to a similar motion involving the oxygen
overlayer and the surface Al plane. Finally, the low-
frequency feature v, at 430 cm ™! was considered to in-
volve the oxygen overlayer and surface Al plane as a slab
moving together, 180° out of phase against the slab com-
posed of the oxygen underlayer and subsurface Al plane.
It is this last mode, v|, that is of particular importance to
our current experimental studies. In addition to the fun-
damental vibrational modes discussed, double loss modes
are clearly observed at higher energies as seen in Fig. 2.
It should be noted that although the Erskine-Strong work
was modeled for an oxidized Al(111) surface, the EELS
experimental results on an oxidized Al(100) surface®
yielded essentially the same loss frequencies and intensity
pattern, which is an indication of similar oxide formation
on both surfaces. It is likely that once the oxide phase
forms through the penetration of O atoms into the crystal
lattice, there is little difference in the nature of the bulk
oxide film formed on different Al crystal planes.

B. EELS studies on Al,O; films on Mo(110)

1. Optical-phonon modes observed in EELS

Figure 3(a) shows the EEL spectrum of the phonon
modes in an aluminum oxide thin film made under the
deposition condition of 5X10°® mbar O,. The low-
frequency phonon mode at ~400 cm !, normally seen on
oxidized aluminum single crystal surfaces, is almost com-
pletely absent. The double loss region (1000-2000 cm ')
also exhibits a distinctive combination arising from v,
and v;, the two primary loss modes: 2v,, v, +v3, and 2v;.
AES measurements indicate complete oxidation of Al as
signified by the presence of the 54-eV Al (L, 3 VV) tran-
sition and the absence of the 68-eV AIAL, ;¥¥) transi-
tion. We believe the two-phonon-mode film represents a
limiting condition most likely corresponding to Al,O;,
beyond which further oxidation treatment does not bring
any changes to the oxide. Therefore it is referred to as
“stoichiometric Al,0,.”

Figure 3(b) shows the EEL spectrum of the phonon
modes of an aluminum oxide thin film deposited under
reduced O, pressure (1X10”* mbar or less). The spec-
trum resembles that of oxidized Al single crystal surfaces
as may be seen by comparison with Fig. 2; i.e., three pho-
non modes are present with their frequencies at 400, 620,
and 850 cm ! This similarity is further confirmed by
the very similar double loss spectra in Figs. 2 and 3. AES
measurements indicate the presence of elemental Al° in
the film as signified by the simultaneous presence of the
68-eV Al” and 54-eV AI**(L, ;¥¥) Auger transitions [as
will be shown in Fig. 5(a)]. We will refer to such an
aluminum oxide film exhibiting a three-phonon loss
feature as ‘‘nonstoichiometric” or Al-rich aluminum ox-
ide.

2. Conversion between the two types of thin films

Since there is only one oxidation state of aluminum as
shown by photoemission studies,'®?° the above results
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FIG. 3. EEL spectra of (a) fully oxidized Al,0; (heavy oxida-
tion) and (b) Al-rich Al,O; thin films on the Mo(110) substrate
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strongly suggest that the presence of elemental Al° in the
aluminum oxide thin film is responsible for the phonon
mode at 400 cm ~!. To prove this point, experimental at-
tempts were made to further oxidize the Al-rich oxide
film of Fig. 3(b) and, therefore, to achieve conversion be-
tween these two types of oxide films. Figure 4 shows the
EELS result after exposing the nonstoichiometric Al,O,
layer to a total oxygen fluence of 1X 10'® molecules/cm?
at 1200 K through a calibrated microcapillary array
molecular beam doser.® It is clearly evident that the
400-cm ! mode was completely removed in producing
the more heavily oxidized film. A significant increase in
the v, relative intensity (~600 cm~!) accompanied by a
small shift toward lower frequency was also found, which
may indicate a structural rearrangement in the oxide thin
film.

Finally, as shown in Fig. 4(c), on this fully oxidized
Al,O; film, additional deposition at 90 K of Al metal of
about 3 A thickness, followed by annealing at 1200 K, re-
sulted in the regeneration of the v, mode (~400 cm ™).
Auger measurement indicated the presence of elemental
Al% in the oxide film after annealing. It is clear that a
small amount of Al metal has become incorporated into
the oxide lattice, most probably through diffusion during

1X10"/cm?® O, exposure at 1200 K; (c) after 3-A metallic
aluminum deposition on top of a stoichiometric Al,O; film at 90
K and S min annealing at 1200 K.

annealing at elevated temperature, since at 1200 K the Al
overlayer would be expected to simply evaporate in vacu-
um. The excessive metallic aluminum in the oxide film
resulted in changes in its vibrational spectrum. Thus the
aluminum oxide film can be controlled between the two
conditions either through addition of Al or through
heavy oxidation.

To better follow the conversion from the Al-rich non-
stoichiometric aluminum oxide to stoichiometric Al,O;,
Auger measurements were also made along with EELS.
Figure 5(a) shows an Auger spectrum of an Al-rich Al,O,
thin film exhibiting both AIl(L, ; V'V) transitions at 68 eV
(elemental Al® and 54 eV (AP*). Reactive sputter-
implantation of O," on the Al-rich thin film was at-
tempted in order to achieve, by another route, the com-
plete oxidation of the residual A1° incorporated in the ox-
ide lattice. This was proven more efficient in carrying out
complete oxidation than the O, molecular beam method
just mentioned, especially for thick oxide films. O, ions
of 1 keV were produced from a commercial sputter gun
and used to carry out reactive sputtering with the Al-rich
oxide thin film on the Mo substrate at 90 K. The effect of
further oxidation of the Al-rich thin film was monitored
by AES [Figs. 5(b)-5(g)]. The gradual removal of metal-
lic Al in the thin film as a result of O," implantation was
observed at various levels of reactive O," sputtering.
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FIG. 5. Auger electron spectra of Al,0;/Mo(110) showing
the removal of residual metallic AI° (68 eV) by reactive O,
sputtering: (a) Al-rich aluminum oxide thin film of 8-A thick-
ness; (b) same as (a), expanded region of 0-100 eV; (c) after
2X 10" 0,%/cm?; (d) after 4X 10" O," /cm?; (e) after 8 X 10"
0,"/cm?; () after 1.6X10'5 O,"/cm? (g) after 2.5X10%
0,"/cm?.

The gradual disappearance of the 68-eV AIO(LM Vy)
Auger transition and the change in line shape in the
54-68 eV region clearly indicates the progressive oxida-
tion of the residual elemental Al. In their AES studies of
aluminum oxide thin films deposited on a W substrate,
Madden and Goodman'® have also concluded that expo-
sure to O, at elevated temperatures is necessary for com-
plete oxidation of Al thin films on a W substrate. Our
Auger spectrum of fully oxidized Al,O; agrees very well
with the spectrum of Madden and Goodman.'® However,
in a similar AES and work function study of aluminum
oxide films on a glass substrate, conducted earlier by
Benndorf, Seidel, and Thieme,?® there were signs of con-
siderable residual metallic aluminum present in their oxi-
dized films according to AES.

EELS measurements were also made at different levels
of reactive O, sputtering (Fig. 6). The O," sputtered
oxide film was annealed at 1200 K briefly prior to each
EELS scan to reorder the surface. The EEL spectra
show the gradual removal of the 400-cm ™! mode as oxi-
dation was carried out. The following experimental ob-
servation is of considerable importance: the occurrence of
a clear break on the high-energy side of the A’ 54-eV
Auger peak [see arrow, Fig. 5(g)] is always accompanied
by the presence of the characteristic two-phonon-mode
EEL spectrum. We believe these two spectroscopic cri-
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FIG. 6. The effect of reactive O," sputtering on the EEL
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film of 9 A thickness; (b) after 1.6X10'® O,*/cm? sputtering
and annealing at 1200 K for 5 min; (c) after 2.5X 10" 0, /cm?
sputtering and annealing at 1200 K for 5 min.

teria involving AES and EELS are an indicator of com-
plete oxidation and should be considered as the definition
of stoichiometric Al,0; mentioned previously. It is clear
that relatively minor differences in the Auger line shape
near 60 eV are accompanied by rather strong differences
in the EEL spectrum, suggesting that EELS is a more
sensitive indicator of complete oxidation of Al to produce
Al,O;. These EELS and AES measurements provide
convincing evidence about the origin and controlling fac-
tors responsible for the 400-cm~! mode on the non-
stoichiometric aluminum oxide thin film.*’

The effect of physical sputtering on the Al-rich oxide
layer is shown in Fig. 7. These experiments were per-
formed in order to exclude the possibility that preferen-
tial sputtering is responsible for the effects shown in Figs.
5 and 6. Controlled Ar™ ion sputtering on the Al-rich
oxide film resulted in partial removal of the oxide layer as
would be expected. No signs of significant preferential
sputtering were found as judged by AES. EELS studies
on the Ar*-sputtered oxide film after annealing showed
virtually no change in the characteristic three-phonon-
mode spectrum down to the monolayer level despite the
disorder-reorder caused by the Ar* sputtering-annealing
cycles. This observation suggests that metallic Al° is uni-
formly distributed through the Al-rich aluminum oxide
film.
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FIG. 7. The effect of Ar" sputtering on the EEL spectrum of
the Al-rich aluminum oxide thin film: (a) initial oxide film of
8.2 A thickness; (b) after 9X 10'/cm? Ar* sputtering and an-
nealing at 1200 K for 5 min. Oxide thickness=7.5 ;\; (c) after
1X10'%/cm? Ar* sputtering and annealing at 1200 K for 5 min.
Oxide thickness=2.5 A.

C. Possible origin of the 400-cm ~! phonon mode
in Al-rich aluminum oxide

The basis for a comparison between the oxide formed
on (1) single crystal aluminum surfaces and (2) the oxide
formed from a thin film of Al, rests primarily on the fact
that the oxide layer, upon annealing, undergoes an
amorphous-to-crystalline transition, which, to first order,
is independent of the details of the structure of the Al at
the interface. According to the low-energy electron
diffraction (LEED) study of Jackson and Hooker,*® depo-
sition of aluminum on Mo(110) results in epitaxially
grown Al(111) films. We have deposited aluminum films
on Mo(110) with subsequent mild oxidation. The result-
ing phonon spectra from EELS are virtually identical for
Al-rich aluminum oxide thin films made by methods (1)
or (2) above. Venus, Hensley, and Kesmodel observed a
very similar phonon spectrum on oxidized polycrystalline
Al foil.’? Also, on oxidized Al(111) and A1(100) surfaces,
very similar phonon spectra were recorded in EELS stud-
ies.> 722730 Therefore, for an Al-rich oxide film, there is
no evidence, as judged by EELS, of any differences in the
vibrational spectrum of the films produced by different
film preparation procedures or by choice of different sub-
strates. This makes the comparison between Al single
crystal work®~7273% and the current work appropriate
and meaningful. A basic finding from our work®’ and
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from the literature® 22673 js that upon oxidizing alumi-

num single crystals under UHV conditions, one never ob-
tains in EELS the two-phonon-mode spectrum charac-
teristic of stoichiometric Al,O;. The influence of exces-
sive metallic aluminum prevails in these oxide films ir-
respective of the substrate crystal face involved.

There is little doubt about the origin of the 400-cm ™!
mode in the Al-rich aluminum oxide film from our exper-
imental findings. It is due to an AI° impurity in the
Al,)O; film. The Erskine and Strong model for the 400-
cm ™! mode attributes it to the vibration of a surface slab
of A’ and O*” ions, and this model was proposed on
the basis of an ordered structure producing a (1X1)
LEED pattern.

There is experimental evidence indicating that the
species associated with the 400-cm ' mode are not local-
ized in the topmost atomic layer.?®* For example, un-
like the 625-cm ™! mode, the 400-cm ~! mode is not pref-
erentially affected by monolayer adsorption?® or by metal
overlayer deposition.30 In addition, the 400-cm™' fre-
quency is substantially higher than the maximum phonon
frequency for clean aluminum or molybdenum surfaces;
therefore the possibility of a resonant substrate phonon
mode can be ruled out.*

From a structural point of view, the requirement of
stoichiometry and its consequences on crystal structure
have to be properly considered here. In the situation of
complete oxidation, stoichiometry requires certain
structural changes or rearrangements. It is quite likely
that the Erskine-Strong model is valid only for Al-rich
nonstoichiometric oxide where the O?~ anions can ar-
range themselves in the high-symmetry (tetrahedral) in-
terstitial vacancies of the fcc aluminum metal lattice ac-
cording to the model® and some supporting experimental
evidence.'>!® This interstitial filling model provides the
characteristic three-phonon-mode spectrum according to
lattice dynamic calculations. In contrast to this, upon
complete oxidation and annealing, the stoichiometric ox-
ide exhibits structure of a different type, namely, y-
AlL,O;, as suggested by many previous experimental
findings.'>~ 723! This can presumably produce the
characteristic two-phonon-mode vibrational spectrum.
In a y-AlLO, structure the O>~ cations are placed in an
ordered fcc configuration with the AI** anions occupying
the octahedral interstitial vacancies. The
nonstoichiometric-to-stoichiometric transition may there-
fore involve substantial rearrangement of the AI’" and
O~ ions. In fact, there have been a number of discus-
sions about the structure of crystalline Al,O, films based
on SEXAFS (Ref. 15) and photoemission'’ studies. -
AlL)O; or y-Al,Oj;-like spinel structure was almost always
the proposed structure drawn from those experimental
studies.

Another form of stoichiometric aluminum oxide, a-
Al,O;, is not thermodynamically favored under our ex-
perimental conditions.” Furthermore, an EELS study by
Liehr et al.*° on single crystal a-Al,O, reveals a dissimi-
lar set of phonon modes compared to that obtained in our
stoichiometric thin film.

In view of the results of our current work, there exists
the possibility that the stoichiometric aluminum oxide
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film characterized by the two phonon modes in EELS is
associated with the y-Al,0O; (or at least with a local struc-
ture based on this atomic arrangement). Therefore it is
highly desirable that a similar lattice dynamical model
calculation be carried out, based on the structural ar-
rangement in y-Al,03, in an effort to (1) bring agreement
between our observed phonon spectrum and the assumed
structure of y-Al,03; (2) explain from a structural stand-
point the differences between the two types of aluminum
oxide films and the differences in their phonon spectra; (3)
as a natural result of (1) and (2), help to bring together a
clear structural picture of the oxidation process.

IV. SUMMARY

The combination of EELS and AES has proven to be
useful for investigating the oxidation of aluminum since
these two spectroscopic methods can yield information
concerning both the vibrational spectrum and the Al
valence state distribution. It has been shown through our
previous work’ that this combination provides informa-
tion about the onset of oxidation of Al. In the present
work, through the same combination of these two spec-
troscopic tools, we are able to provide the criteria for
complete oxidation of Al. In both cases, there has been
remarkably good agreement and correlation between the
EELS and AES data.
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A summary of the results of this work is now given.

(1) Aluminum oxide thin films with different extents of
oxidation can be sensitively characterized by their vibra-
tional spectrum using EELS measurements. An increas-
ing degree of oxidation induces changes in the optical-
phonon modes, leading to the loss of a 400-cm ™' mode
when stoichiometric Al,O; is produced.

(2) Complete oxidation is reflected in the vibrational
spectrum of thin Al,O; films where the characteristic
two-phonon-mode EEL spectrum is observed.

(3) Al-rich nonstoichiometric aluminum oxide exhibits
a characteristic three-phonon-mode EEL spectrum con-
taining the 400-cm ~ ! vibration.

(4) Methods have been developed to efficiently cycle be-
tween stoichiometric and nonstoichiometric aluminum
oxide films.

(5) Additional lattice dynamical model calculations are
needed to account for the observed changes in the
optical-phonon modes.
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