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High-resolution electron-energy-loss spectra are reported which describe the oxidation of
Al(111) surfaces. The initial stage of oxidation is characterized by both surface and subsurface

atomic oxygen. The surface oxygen phase is unstable and converts to subsurface oxygen at

room temperature. No evidence of molecular oxygen adsorption is observed. The dipole

scattering mechanism is found to apply to "subsurface" dipoles near metal surfaces.

The oxidation of Al(111) surfaces has been the
subject of several recent experimental'~ and theoret-
ical investigations. Two independent studies which
combine photoemission and surface extended x-ray
absorption fine structure (EXAFS) reach different
conclusions regarding the initial stage of Al(111) sur-
face oxidation and the associated atomic level struc-
ture. Bachrach et al. ' suggest that room-temperature
oxidation of Al(111) proceeds in three phases: a
molecular phase produced by doses below 100 L (1.
L= 1 & 10~ Torr sec) at 2 x 10 7 Torr, a surface
atomic phase produced after doses greater than 150
L, at 2 & 10 7 Torr, and a subsurface oxygen phase
produced by doses greater than 125 L at 1 x 10~
Torr. Norman et al. report two phases of oxygen on
Al(111) corresponding to surface and subsurface oxy-
gen. The subsurface phase is reported to occur upon
heating to 200'C, and both phases are reported to
form simultaneously for oxygen exposures greater
than 50 L.

Low-energy-electron diffraction (LEED) studies
place surface oxygen at a distance Z =1.46, ' 1.33
and 1.54 A (Ref. 5) above the surface plane in the
threefold hollow site. Other LEED studies report a
(1 x 1) oxygen underlayer with Z =0.73 A and an
overlayer with Z =0.8 A. Recent theoretical stud-
ies" yield values between Z =0.55 and 0.62 A for
surface oxygen at the threefold hollow site, and have
also suggested an underlayer could account for many
of the reported experimental results, The surface
EXAFS studies also provide values for Z: Bachrach
et al. ' predict for surface oxygen Z =0.98 A and
Norman et al. ' predict for both surface and under-
layer oxygen Z =0.60 A. Work-function measure-
ments' "give inconsistent results, but most experi-

ments observe a small decrease in work function
(5@(200 meV) for light oxygen doses (50 L or
less) suggesting that surface chemisorption dominates
low coverage behavior.

In this Communication, we report studies of the
oxidation of Al(111) using high-resolution electron-
energy-loss spectroscopy (EELS). Our results show
that room-temperature oxidation of Al(111) involves
both surface and subsurface oxygen even at very low
doses. In addition, our results show that the surface
oxygen phase is unstable and converts at room tem-
perature to subsurface oxygen. These new results
help account for many of the discrepancies in experi-
mental work on the Al(111) oxygen system and pro-
vide a more informed basis for attempting to arrive at
accurate structural models using surface EXAFS and
LEED.

Experiments reported here were conducted using a
spectrometer which incorporates tandem EELS optics,
4-grid LEED optics, and twin-pass cylindrical mirror
analyzer Auger optics, X-ray Laue techniques and
spark erosion were used to align and cut 1-mm-thick
Al targets having a (111)crystal axis parallel (i 1')
to the surface normal. Rods from which the crystals
were cut were obtained from Metron Inc. and were
99.999+'/0 pure. In situ cleaning was accomplished .

by repeated cycles of argon ion sputtering (500 eV,
10 Ii,A) and annealing at 500 K. Clean targets yield-
ed excellent LEED patterns and exhibited only minute
traces of C, 0, and Ar in Auger. spectra. Base pres-
sures were maintained in the 10 "-Torr range.

Figure 1 illustrates EELS spectra for Al(111) ex-
posed at 300 K to 2, 20, and 200 L of oxygen at
2 & 10 Torr. Two peaks dominate the loss spectra.
The lower-energy peak (80 meV) is attributed to a

25 5547 1982 The American Physical Society



5548 RAPID COMMUNICATIONS 25

Wi(iii j ZO2

E
INC

4.76 eV

INC REF

AF T ER ADSORPT ION

AT 300 K 2 x IO TORR
——-AFTER HEATING

TO 500 K

i
I

I
I

I
I

I
I

Al(lll) /02
EINC

= 4.76ev

eI,C
= eR, F

= 6P

ORR

K

0-

M

LLI

P'
I—

LLI
I—

ION

RING

AT ING

K

Op 0 K

ORR

I I I I I I

0 50 IOO 150 200
ELECTRON ENERGY LOSS (meV)

FIG. 1. EELS spectra for Al(.111) exposed at 300 K to 2,
20, and 200 L of oxygen at 2 &10 Torr (solid curves) cor-
responding spectra after heating to 500 K (dashed curves).
Scattering angles, 0, are measured from the surface normal.
Electron impact energy E;« =4.76 eV. Baselines for each
curve are indicated to the right. All spectra were normalized
so that elastic peak intensities were equal and scale factors
indicated are relative to the elastic peak.

stretch mode perpendicular to the surface involving
oxygen at the threefold hollow surface site. The
higher-energy peak (105 meV) is attributed to a
stretch mode perpendicular to the surface involving
oxygen at the threefold hollow site below the surface.
These assignments are discussed in more detail later.
From the data shown in Fig. 1 and similar spectra at
other pressures we have shown that both surface and
subsurface sites are occupied when room-temperature
Al(111) is exposed to oxygen. Low doses ((50 L)
favor the surface sites, but even 1-L doses produce
mixed phases containing a fairly large fraction of sub-
surface oxygen. Later we argue that the two peak in-
tensities correspond approximately to the relative sur-
face and subsurface concentrations. Heating always
increases the subsurface-to-surface oxygen ratio, and
higher doses yield, at any temperature, a higher con-
centration of subsurface oxygen.

The initial phase of oxygen chemisorption on
Al(111) is unstable at room temperature. Figure 2 il-
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FIG. 2. Lower two curves: EELS spectrum taken im-
mediately after exposing a 300 K Al(111) surface to 20 L of
oxygen and a second spectrum taken one hour later. Rela-
tive peak heights illustrate the instability of the surface oxy-
gen phase. Upper EELS spectra show that mild sputtering
decreases the surface oxygen peak in relation to the subsur-
face peak.

lustrates the instability. The lower spectrum was ob-
tained immediately after exposing a clean room-
temperature Al(111) surface to a 20-L dose at
1 x 10~ Torr; the middle spectrum was taken two
hours later. The vacuum system pressure, after the
20-L dose, was below 1 x 10 ' Torr. Similar results
were obtained for other oxygen doses with the sam-
ple maintained at 300 K. We conclude that 300 K is
sufficient to activate formation of the subsurface oxy-
gen phase from chemisorbed surface oxygen. This
result does not appear unreasonable. Small tempera-
ture increases greatly accelerate the formation of sub-
surface oxygen. We also note that subsurface and
surface oxygen vibrational energies are nearly equal,
suggesting that both sites have approximately the
same formation energy. In addition, we note that
instability of the (1 x 1) oxygen layer has been sug-
gested by Hofmann et al. ,

'" "who have conducted
careful work-function and photoemission studies of
this system.

Assignment of the two major EELS spectra peaks
to surface chemisorbed oxygen (E= 80 meV) and to
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subsurface oxygen (E =105 meV) is unambiguous.
The dose and temperature dependence of these peaks
correspond to photoemission observations" of the
Ale core level shifts which are attributed to surface
and subsurface oxygen phases, and are also con-
sistent with basic results of work-function'4 "and el-
lipsometry studies. ' The spectra shown in the upper
portion of Fig. 2 confirm assignment of the higher-
energy peak to subsurface oxygen. Starting with a
surface having both surface and subsurface oxygen
peaks, gentle argon ion sputtering is observed to
reduce the peak attributed to surface oxygen in rela-
tion to the other peak. This result confirms our peak
assignment. EELS spectra taken after exposing
Al(111) surfaces at 500 K to 3000-L oxygen doses
exhibit features totally different from the spectra for
surface and subsui'face oxygen. Flguic 3 shows an
EELS spectrum for oxidized Al(111) presumed to
closely approximate crystalline A1203. The primary
loss peak at E =110meV corresponds to the 940-
cm ' (118-meV) reflectance minimum observed in
infrared reflectance from A1203 samples. '~ " %c find
no evidence for molecular oxygen adsorption over
the temperature range of our present experiments,
which is 300—500 K.

It is not unreasonable that EELS is able to probe
subsurface oxygen, at least in the present case.
Scattering of low-energy electrons by a dipole placed
belo~ a metal surface has been discused by Rahman,
Black, and Mills. '9 Thc potential produced by a sub-
surface dipole can be estimated using the Thomas-
Fermi model to account for screening by conduction
electrons. In this model the potential strength is
governed by the factor.

kTpd
it dipoie ~ 2e

where kTp characterizes the Thomas-Fermi screening
length and d is the distance the dipole moment is lo-
cated below the surface. As kTpd 0 the potential
approaches the same result obtained for a dipole
placed just above the surface. Theoretical predic-
tions7 and estimates based on LEED6 and surface EX-
AFS' indicate Z =0.6 A for subsurface oxygen; and
the effective dipole distance d will be smaller. There-
fore kTFd & 1 should be valid for the Al(111) oxygen
underlayer. This result represents our rationale for
stating that the underlayer and surface dipoles yield
approximately equal scattering cross sections, thus
permitting quantitative estimates of the concentra-
tions of each phase based on EELS peak weights.
%e varied the impact energy between 5 and 17 CV

and did not observe any significant changes in the
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peak ratios.
In summary, we have shown that the initial state of

oxidation of 300-K Al(111) surfaces involves both
surface and subsurface oxygen. Although our results
are consistent with general conclusions drawn previ-
ously from photoemission, ellipsometry, and work-
function studies, our results also show that particular
care will be required to extract bond distances from
LEED and surface EXAFS results because of the
mixed nature of low coverage oxide phases. The in-
stability of the surface phase further complicates the
experimental situation. Low-temperature work may
be necessary to isolate the surface and subsurface ox-
ygen phases. The relatively rapid conversion of
chemisorbed surface oxygen to a mixed phase un-
doubtedly accounts for many of the experimental
discrepancies observed in studies of this system.
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FIG. 3. Lower EELS spectrum corresponds to surface and
subsurface oxygen after 12 h. Upper EELS spectrum corre-
sponds to A1203. Arrow shows position of dominant in-

frared absorption for Al203 at 118 meV (940 cm ') (Refs.
17 and 18). The peak at 463 meV corresponds to the 0—H
stretch of adsorbed OH groups.
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