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Al atomic Auger electron emission from low-keV-ion-bombarded Al surfaces
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Al atomic LMM Auger electron emission from clean and oxygen- or argon-covered Al surfaces has
been studied for low-keV Ar -ion bombardment along normal and off-normal incidence directions. %e
show that, for a clean Al surface, many transitions are suppressed by the surface-neutralization process
and that the quenching of such a neutralization mechanism and the activation of a surface-ionization
mechanism by oxygen chemisorption or argon physisorption can unveil these hidden peaks. Our results

provide some insights into the peculiarities of ion-solid interactions and offer an interesting explanation
to the observed large difFerence in the relative transition ratios in experiments with solid and gas targets.

PACS number(s): 79.20.Nc, 32.80.Hd, 32.80.Dz, 34.50.Fa

I. INTRODUCTION

During collisions between two atomic particles, core
electrons of one or both colliding partners can be ionized
or excited into high-lying empty levels if the closest ap-
proach distance is smaller than a critical value, as sug-
gested by the molecular-orbital-crossing model of Fano
and Lichten [1]and of Barat and Lichten [2]. The subse-
quent Auger decay can give rise to a large number of
transition lines in the detected electron spectra. The
identification and investigation of the relative intensities
of these atomic peaks have been the subject of intense
studies in the last 20 years [3—5].

On the other side, the incomparably high atomic densi-
ties of solid surfaces relative to gas targets has resulted in
an increasing interest of the scientific community in stud-
ies of Auger electron emission by ion impact on solid sur-
faces [6—9]. By correlating the variation of the measured
kinetic energies to that of the surface work function,
Zampieri and Baragiola demonstrated that all narrow
transition lines are due to decays in the sputtered target
or scattered projectile particles taking place in the vacu-
um [10]. However, the interactions between excited leav-
ing particles and the solid surface can render the deexci-
tation process much more complicated. Indeed, the rela-
tive intensity ratios between various atomic features in
the detected Auger electron spectra differ substantially
from those obtained for gas targets and many transition
lines have not been observed at all for solid targets [11].
Zampieri and Baragiola detected only two Ne Auger lines
by bombarding an Al surface with Ne+ ions and attribut-
ed the absence of other peaks to surface resogant charge-
transfer effects [12].

In this paper we report an investigation on Al atomic
Auger electron emission for Ar+-ion impact on a clean
Al surface and oxygen- or argon-covered Al surfaces.
The choice of Al was based on the consideration that
there exist extensive studies in the literature and its major
spectroscopic structures have all been identified previous-
ly and that gas-phase Auger spectra are also available
[11,13]. Our results show that the relative transition ra-
tio is a strong function of the surface condition of the

sample and many peaks absent in the case of clean Al are
clearly present if the electronic and chemical properties
of the surface are appropriately altered. We provide con-
clusive evidence that the solid-particle charge-transfer
mechanism is an important cause for the observed large
difference in the relative transition ratios for solid and gas
targets and offer an interesting insight into the peculiari-
ties of solid-particle interactions.

II. EXPERIMENT

The experiments were performed in an UHV chamber
with a base pressure in the 10 ' -Torr range. A mechan-
ically polished pure polycrystalline A1 sample was
mounted on a dedicated manipulator which could be ro-
tated to change the ion-incidence angle. Sample cleaning
was accomplished by in situ ion bombardment. Projectile
Ar+ ions with energies of 2-15 keV were produced by a
differentially pumped ion gun and the beam current den-
sity ranged from 10 to 80 pA/cm as measured by a
Faraday cup. An Al disk was attached to a cold finger
with He cycling to serve as the substrate for Ar conden-
sation.

Argon gas, introduced into the chamber through a gas
line, could be sprayed directly onto the cold target at a
distance of about 8 mm while oxygen gas was admitted
through a different gas line and allowed to fill the whole
chamber uniformly. Since ion bombardment by itself is
an erosive process, all measurements were conducted in
dynamic equilibrium situations with beam and vacuum
pumps on and the gas line open. The actual coverage de-
pends on the local partial pressure, on the beam current
density, and on the sputtering yield which is related to
the primary energy. For the results presented in this pa-
per only qualitative meanings are assumed for the cover-
ages.

Emitted Auger electrons were collected by a hemi-
spherical energy analyzer working in a constant-pass-
energy mode (20 eV) and situated at 70 relative to the ion
beam direction. Spectra were collected in the pulse-
counting mode with a computer-aided measurement and
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control data-acquisition system. Details of our experi-
mental setup have been given elsewhere [14,15].

III. RESULTS AND DISCUSSIONS

In Fig. 1 we present some Al spectra for 15-keV Ar+-
ion bombardment on clean and oxygen- or argon-covered
Al surfaces for both normal and off-normal incidence
directions. All these spectra have been corrected for
spectrometer-transmission factor, background subtracted
with a third-degree polynomial matching a large number
of data points on both ends, and normalized to the same
height. These results clearly show the dependence of the
relative transition ratios on the surface conditions.

Let us first note that for the spectra obtained from the
clean Al sample, the intensity ratios between different
atomic peaks show a slight change for E ~ 3 keV and
remain constant thereafter up to 15 keV. Whaley and
Thomas assigned the most intense peak at 62.6 eV (la-
beled G in Fig. 1) to 2p 3s 3p —+2p (3s3p P) autoioni-
zation in a neutral Al* atom and the other two structures
at 55.5 (peak D) and 48.8 eV (peak B) to Auger transi-
tions from the initial 2p 3s 3p state to final 2p 3s and
2p 3p configurations in an inner-shell-excited Al+ ion, re-

spectively [11]. They suggested that the feature D prob-
ably also contains contribution from the 2p 3s 3p ~
2p 3p ( P) transition.

A careful analysis of our Al spectra recorded in the
pulse-counting mode with an improved energy resolution
( -0.2 eV) and magnified for each individual spectral re-
gion (see the bottom two curves in the four panels of Fig.
2) reveals that all these features undergo a considerable
asymmetric broadening toward high energies as the pri-
mary ion energy E is raised from 2 to 3 keV. Detailed
line-shape curve fittings following the procedure pro-
posed by Whaley and Thomas [11] further indicate the
presence of a shoulder at 61.3 eV even at the lowest pri-
mary energy studied (E =2 keV). These components
may be attributed either to the Doppler shifts due to a
possible increase in the average velocity of the ejected ex-
cited Al particles in this range of E or to the appearance
of other transition lines whose intensities for some reason
are greatly reduced at 2 keV.

The presence of only three clearly resolved atomiclike
Auger features for Ar+-ion impact on a solid Al target in
comparison to at least ten well-resolved lines in the spec-
tra obtained by Dahl et al. in a gas-phase 50-keV Al+-Ar
experiment [13] has been a puzzle for a long time.
Though observation of many doubly-core-excited-Al
L -LMM Auger transitions has been recently reported by
us for off-normal Ar+-ion incidence on a clean Al sample
[14,16], several other predicted transitions, especially
those from the initial core-excited Al + states, are not
detected yet. Since core-electron excitation in ion-solid
collisions is governed by the same mechanism for binary
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FIG. 1. Background-subtracted, spectrometer-transmission-
factor corrected, and normalized Al Auger spectra taken by 15-
keV Ar -ion impact on clean A1 surface at 0;=0 (curve a);
oxygen-covered Al at 0,-=0' (curve b); clean Al at 0;=45
(curve c); oxygen-covered Al at 0;=45 (curve d); and argon-
covered Al at 0; =45 (curve e). The tick marks indicate the en-

ergy positions of the atomic peaks.

FIG. 2. Al Auger spectra taken from Ar+ bombardment
along the surface normal on Al surfaces with Ep =2 keV (curve

a) and E~ 15 keV (curves b —g) at oxygen pressure of Po =0
(curve a); Po =0 (curve b); Po =3 X 10 Torr (curve c);

P& =6 X 10 Torr (curve d); Po = 1 X 10 Torr (curve e);
2 2

Po =2X10 Torr (curve f); Po =3X10 Torr (curve g).
2 2

All the spectra with oxygen exposure have been corrected for
shifts due to changes in the surface work function (-0.1 eV)
and normalized for each individual spectral region.
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ion-atom encounters (promotion of molecular orbitals),
the absence of the others should be related to the
difference in the deexcitation mechanisms, more
specifically, to the interactions between the core-excited
Al particles and the metal surface.

Some 30 years ago, Hagstrum suggested that an ion in
the vicinity of a metal surface can be neutralized by
capturing a valence electron from a solid via a resonant
tunneling or an Auger process if the atomic binding ener-

gy is larger than the surface work function and that a
neutral atom can be ionized through a reverse charge-
transfer mechanism if the energy relationship is reversed
[17,18]. Because the binding energy of 16.34 eV for a 3p
electron in an inner-shell-excited Al+ ion (2p 3s 3p), es-
timated to be equal to the second ionization energy of Si
(Refs. [13,19,20]), is much larger than the surface work
function of the clean Al (4.28 eV, Ref. [21]), virtually all
the escaping Al + ions with an electronic configuration of
2p 3s will capture a valence electron into their empty 3p
levels before they decay in the vacuum. Similarly, Al +

ions in the 2p 3s3p and in the 2p 3p configurations will
also alter their initial states on their way out of the sam-
ple, thus no Al + Auger transitions can be observed for a
solid Al target. On the other side, the ionization energy
of an inner-shell-excited Al neutral atom (2p 3s 3p ), es-
timated as equal to that for a ground-state Si (8.18 eV,
Refs. [13,19,20]), is still large enough in comparison to
the Al work function so that an inner-shell-excited Al+
ion moving in the vicinity of an Al surface can be neutral-
ized via a resonant tunneling or an Auger process and its
subsequent decay will contribute to the Al' autoioniza-
tion lines.

In order to reveal these hidden peaks it is necessary to
minimize the neutralization processes and maximize the
ionization ones. For this purpose, we exposed the clean
Al surface to an increasing amount of oxygen at room
temperature while keeping the primary ion energy and
the beam current constant. A set of spectra taken for
15-keV Ar+ impact along the surface normal are shown
in Fig. 2 for four spectral regions.

The spectra in Fig. 2 show the clear appearance and

the gradual growth of three new Auger lines A, C, and E
as the effective Oz coverage increases. These peaks, ob-
served only by modifying the surface electronic and
chemical properties, should be attributed to transitions
from initial Al+ or Al + ions. Using the binding energies
of Shirley et al. [20] and of Moore [19],we calculated the
predicted Auger electron kinetic energies for transitions
occurring in an inner-shell-excited Al ion. For energies
of autoionization in Al* neutral atoms and in inner-
shell-excited Al + ions we followed the Z + 1 rule
prescribed by Dahl et al. [13] and by Whaley and Tho-
mas [11](the errors in these cases can be around 1 eV). A
comparison with the predicted kinetic energies leads us
to attribute the peaks A, C, and E to Auger transitions
2p 3s ~2p, 2p (3s3p P)~2p, and 2p (3p 'D) +2p-
in Al + ions, respectively. For a better identification of
the atomic lines, the kinetic energies of all observed peaks
are listed in Table I in which energy differences relative
to the main autoionization peak are also included since
the absolute energy positions may be inAuenced by the
spectrometer work function. We point out that the
nonuniformity of the effective oxygen coverage over the
sample surface caused by the nonuniformity of the ion
beam current density (which has a Gaussian profile) can
result in a broadening of all the atomic lines as indeed is
observed. This broadening may smear out many other-
wise probably resolvable atomic transition lines.

Early photoemission studies on oxygen chemisorption
on clean Al showed a gradual increase of the density of
the 0 2p-derived valence-band states in the energy range
of 8 —16 eV below the vacuum level and a simultaneous
decrease of the electron density near the Fermi level as
oxygen coverage increases [22,23]. Upon heavy oxidation()50 L, 1L=10 Torrsec) there is clear evidence of
A1203 oxide formation [24,25]. In the vicinity of a solid
surface, the binding energy of an ion can be reduced by
up to 1 —2 eV because of the image potential created in
the surface [26]. It is clear that the effect of oxygen is
then to dramatically reduce the probability of charge
transfer from the solid to the excited Al+ particles, thus
to reduce the autoionization signal of Al . On the other

TABLE I. Atomiclike Auger transitions in Al (all energies are in eV).

Peak
label

B
C
D

6

I

Initial charge
state

A12+

Al+
Al +

Al+
A12+

Al+
Alo

Al
A12+

Transition

2p 3$ ~2p
2p 3$3p~2p 3p
2p (3s3p P)~2p
2p 3$ 3p ~2p 3$

2p 5( 3p 2 1D) 2p 6

2p'(3s3p P)~2p 3s
2p 3s (3p P)~2p (3s3p P)
2p'3$ (3p 'D)~2p (3$3p'P)
2p ('D)3s 3p~2p 3s

Predicted
Ek

43.8
48.83
50.0
55.5
58.5
61.4
61.5
62.3
66.8b

Observed
E

43.0
48.8
50.0
55.5
57.0
61.2
62.6
63.6
69.2

Observed
Relative Ek

—19.6
—13.8
—12.6
—7.1
—5.6
—1.4

0.0
1.0
6.6

'The predicted kinetic energies are all calculated for the initial 2p state with j= 2. The spin-orbit split-
ting for Al 2p is 0.4 eV and in the present study these two components are not resolved. For Al+ states,
binding energies of Shirley et al. [20] and Moore [19]are used and for those of Al and Al + states, the
Z+ 1 rule is applied [11,13].
Value taken from Ref [13]. .
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side, ion bombardment creates a great number of defects
in the oxide causing the presence of a large number of
empty states either in the oxide gap [27] or in the 0 2p-
derived valence band with binding energies nearly reso-
nant with or larger than that of the Al+ 3p level. The
presence of these empty states, whose number is propor-
tional to the oxygen coverage, greatly favors the further
ionization of the inner-shell-excited Al+ ions into Al +.
Of course, the outgoing Al + ions with a core hole (3p
binding energy is 16.34 eV) will most probably be neu-
tralized by valence electrons. However, for E as low as
15 keV, the number of leaving Al+ ions is much larger
than that of Al +, so the net effect is an ionization of Al+
ions into Al + giving rise to the appearance of the hidden
A1~+-related Auger peaks.

It should be mentioned that, as suggested by Zampieri
and Baragiola [10], the kinetic energy of the Auger elec-
trons emitted in the vicinity of a solid surface should be
rigidly shifted according to the variation in the surface
work function. Our spectra show that the most intense
Al autoionization feature undergoes a downward shift of
no more than 0, 15 eV upon oxygen chemisorption, in
agreement with the previous studies which established
that chemisorbed oxygen is incorporated in the Al matrix
and has little inhuence on the surface work function
(64~0.2 eV [28]). To better emphasize the changes in
the line shape, all spectra with Oz deposition in Fig. 2
have been corrected for this shift.

The evolution of these spectroscopic features also
clarifies the ambiguity in the identification of peak D and
provides interesting information on the nature of the
line-shape broadening observed already for clean Al.
Indeed, the behavior of the intensity ratio between peaks
D and 6 as a function of oxygen exposure excludes any
possibility of assignment of D to an autoionization. Tran-
sitions C, E, and F can be really present in the spectrum
obtained by 15-keV Ar+ and their absence in that for
E =2 keV may again be attributed to the surface neu-
tralization since the lowering of the average velocity of
the ejected Al+ (Al +) ions will increase the probability
of the charge-transfer process. As far as the feature H is
concerned, a possible 2p 3s (3p 'D)~2p (3s3p P) au-
toionization may be assigned. Its relative intensity with
respect to the main peak G does not have any detectable
variation as a function of oxygen partial pressure given
that their initial states differ only for spin-orbit-
interaction configurations. Nevertheless, this argument
does not exclude at all the Doppler effects as a possible
source for the broadening of all peaks seen at E = 15 keV
relative to E =2 keV.

For off-normal ion incidence on oxygen-covered Al (see

curve d of Fig. 1), a fourth peak (labeled I) at 69.2 eV can
be clearly resolved. Considering that this feature is ob-
served only for 0,%0', we tentatively assign it to a
2p ('D )3s 3p ~2p 3s transition since for low F. , double
core excitation in Al can be produced only in primary
asymmetric collisions with incoming Ar particles [14].

To further investigate the importance of the solid-
particle interactions on the alternation of the initial excit-
ed configurations of the atomic lines, we condensed inert
argon gas on a clean Al substrate at 20 K. The line-shape
variation of the so-obtained Al spectra is quite similar to
that for oxygen chemisorption. In this case, the frozen
noble-gas layer does not alter the electronic structure of
the underlying Al substrate but serves as a buffer medium
in such a way that the ion-metal charge-transfer effects
are largely reduced. In fact, in ion-atom interactions,
electron resonant transfer is very unlikely unless the two
levels are perfectly resonant because of the high localiza-
tion of these atomic orbitals (the Auger neutralization of
the Al + 3s is energetically forbidden and the radiation
decay has negligible probabilities). We mention that,
however, to obtain a large variation in the relative inten-
sity ratios as the curve e of Fig. 1, virtually the whole Al
surface should be covered by argon so that the incoming
Ar+ projectile particles can no longer directly hit the
substrate Al atoms. The decrease in Ar-Al collision ener-
gies also causes a great reduction in the probability of Al
double core excitation with respect to that of single core
excitation causing the absence of peak I in our spectra.

IV. CONCLUSIONS

In summary, we have reported a study on the Al atom-
ic Auger and autoionization peaks by bombarding clean
and oxygen- or argon-covered Al surfaces. We have
shown that many transition lines originating from the ini-
tial Al+ and Al + ions cannot be detected for clean Al
surfaces because of the strong surface-neutralization
effects and the quenching of such a neutralization mecha-
nism and the activation of a surface-ionization mecha-
nism can restore these decay channels. Our results offer
an interesting explanation for the very different relative
transition ratios in ion-solid and ion-atom collision exper-
iments.
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