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We have observed Al L, ; Auger electrons from clean aluminum surfaces bombarded
by mass-analyzed beams of noble-gas ions at 45° incidence, and in the energy range 600
eV —15 keV. The electron energy spectra show a wide structure similar, though not
identical, to that observed under electron impact, and sharp lines. These lines are identi-
fied as resulting from the Auger decay of 2p-excited Al and Al*. The decay occurs in
vacuum from sputtered particles, as suggested by the asymmetric Doppler broadening of
the Auger lines. The Auger yields can be scaled when plotted against the maximum ener-
gy transfer in a projectile-Al collision, indicating that the excitation occurs mainly in
symmetric collisions between target atoms. Exceptions are the cases of impact with He*
and low-energy Ne* ions where projectile-Al collisions are responsible for the excitation,

possibly by two-electron transitions.

I. INTRODUCTION

Collisions of keV ions with solids produce,
among other things, the ejection of electrons. In
the tail of the energy distribution of these emitted
electrons one can notice, in certain cases, Auger
electrons from the filling of inner-shell vacancies
in the projectile and target atoms.

Early interest in the study of this ion-induced
Auger-electron emission (IAEE) from solids, arose
for different reasons. In 1960, Parilis and
Kishinevskii' proposed that Auger processes were
the main source of all emitted electrons, a model
which was recently proved to be incorrect.” >
Snoek et al.® observed Ar L-shell electrons under
bombardment of gold targets with Ar ions, thus
providing one of the first proofs of a prediction of
the Fano-Lichten’ electron-promotion model for
inner-shell excitations in collisions of slow heavy
atoms. Joyes and Castaign® proposed that sput-
tered ions can result from the Auger deexcitation
in vacuum of inner-shell excited target atoms. The
accompanying Auger electrons were then observed
by Hennequin et al.>!° for Be, Al, and Si bombard-
ed by keV noble-gas ions, while Joyes et al.'' =1
studied theoretical aspects of the phenomenom.
Since then, many workers have studied IAEE for
its intrinsic interest, and also to understand its in-
fluence in the charge-state distribution of ions
backscattered from and transmitted through
solids.'*~!" Studies of IAEE have also been aimed
toward the evaluation of theories of inner-shell ion-
ization,'®!° and toward the derivation of attenua-
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tion lengths of Auger electrons in solids.”

Together with the development of this topic,
there appeared contradictory ideas, presented by
different workers, about the origin of the Auger
electrons, and on the information carried by them.
Our aim in this study was to resolve these contro-
versies based on new measurements taken under
well-defined conditions. In particular, we were
concerned with the following questions:

(1) Are the inner-shell excitations leading to
IAEE produced mainly in collisions between the
incident ions and target atoms, or in symmetric
collisions between target atoms in the collision cas-
cade in the solid?

(2) Do the observed Auger lines originate from
the deexcitation of atoms inside or outside the
solid?

The experimental work, which is presented in
Sec. II consisted of measurements of target LVV
Auger spectra and yields from clean aluminum
samples bombarded by noble-gas ion over the ener-
gy range 0.7—15 keV. These results are then dis-
cussed in Sec. III, where we address the questions
posed above. Finally we point out, in Sec. IV, un-
solved problems and promising lines for future re-
search.

II. EXPERIMENTS

A. Apparatus

To perform the observations we used a commer-
cial ultrahigh vacuum equipment equipped with
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several surface spectroscopic facilities.?! The part

relevant for the present work is shown schematical-
ly in Fig. 1. The target is a polished disk of high-
purity aluminum and is mounted in a carrousel in-
side a mu-metal chamber maintained routinely at a
base pressure of less than 3% 10~!! Torr. The
sample was cleaned by sputtering with 2-keV Ar or
Ne ions until Auger analysis (AES) using 3-keV
exciting electrons showed that surface impurities
amounted to less than the equivalent of 1% of a
monolayer, and were of no significance in the stud-
ies of IAEE.

The ions used in this work were incident at 45°
with respect to the normal to the target surface.
The ions were produced by an electron bombard-
ment ion source and mass analyzed by a Wien fil-
ter. This mass filter also provided deflection of
the ions onto the target and thus avoided contami-
nation of the beam with non-mass-analyzed neu-
trals, a problem present in conventional on-axis
devices. During operation of the differentially
pumped ion source, the pressure of the noble gas
used was in the 10~%-Torr range inside the target
chamber; the partial pressure of contaminant gases
was 2 orders of magnitude smaller. Periodic tests
were made using AES to ascertain that the target
was sufficiently clean for making meaningful
measurements. The ion energy was known to
within +(0.1% + 2 eV), and the ion current was
determined before and after each run with proper
electron suppression.

The ejected electrons were detected within a nar-
row cone 15° from the surface normal, in a plane
perpendicular to that of Fig. 1. The area of accep-
tance on the target surface was larger than that of
the ion beam spot. The source of electrons was
imaged by a lens onto the entrance slit of a spheri-
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FIG. 1. Schematic diagram of the equipment used.
The ion gun is differentially pumped, and the spectro-
meter is aimed at the target at an angle of 15° from the
plane of the figure.

cal sector electrostatic analyzer operating at a con-
stant pass energy and with an energy resolution of
0.4 eV FWHM.

The energy diagram appropriate for the mea-
surements is depicted in Fig. 2. In order that the
results transcend the apparatus used, it is necessary
to measure the work function of the spectrometer,
¢s. This was done by bombarding the target with
electrons accelerated through a potential ¥, and by
measuring the spectrometer voltage V; required to
pass the peak of the energy distribution of the elec-
trons backscattered elastically from the target.
Thus,

¢s=eVyi—eVi+dr+Eir,

where e is the charge of the electron, Ex the most
probable excess thermal energy of the electrons
emitted from the filament at temperature T, and

¢ the work function of the filament. For our ex-
perimental situation of a tungsten emitter at about
2700 K, ¢+ Exr=4.8 eV, to within 0.1 eV.?

The spectrometer pass energy is eV, =eV,4+C Vps
where eV, is the energy by which the electrons are
retarded before analysis, C the geometrical con-
stant of the analyzer, and ¥, the voltage between
the plates of the analyzer. C was determined by
tuning on the peak of elastically reflected electrons,
and by measuring the required interplate voltage
V, as a function of the retarding voltage V,. Asa
result of the calibration, the energy of the electrons
with respect to the Fermi level of the sample is
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FIG. 2. Electron energy diagram appropriate to the
calibration of the electron energy scale, and the mea-
surement of the analyzer work function ¢;. Exr and ¢;
are the most probable excess thermal energy and the
work function for the tungsten filament, respectively.

V is the voltage applied between the filament and the
target, V, the retarding voltage applied to the emitted
electrons before analysis by the spectrometer which is
set at a pass voltage ¥, and has a geometrical constant
C. ¢, is the work function of the Al target.
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known to within +0.1 eV.

The electrons were detected with a channel elec-
tron multiplier and the data acquisition was per-
formed under computer control using signal-
averaging techniques.

B. Electron energy spectra

Figure 3 shows a representative spectrum of
electrons in the energy region of the L, ; Auger
transitions in aluminum. One can observe two
main types of structure. A broad one which
resembles that obtained under electron bombard-
ment, and sharp peaks. The broad structure,
which we shall call “bulk” following other work-
ers, is very similar, though not identical, to the
L, 3 VV structure resulting from electron bombard-
ment. The sharp peaks will be denoted “atomic”
since their widths are much smaller than what
would result if the broad (~ 11 eV) valence band of
the solid had been involved in the transition. At
higher ion energies small peaks appear at high
electron energies which correspond to Auger tran-
sitions involving Al atoms with two vacancies in
the 2p shell.

C. Effects of ion energy

With increasing ion energy there is a dramatic
increase in the Auger signals, the growth of the
atomic peaks is larger than that of the bulk struc-
ture, and the widths of the atomic peaks increase.
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FIG. 3. Electron energy distribution of Al under
bombardment with 4-keV Ar* ions. The spectrum was
measured with the analyzer in the constant retard-ratio
mode with a resolution of 0.2%, and corrected for the
energy-dependent analyzer transmission function. The
work function of the analyzer for this spectrum was
measured to be ¢;=4.70 eV.

A closer look shows no significant variation in the
relative heights of the different single-vacancy
atomic peaks, nor in the shape of the bulk transi-
tion. A new finding of this work is that the
broadening is asymmetric, it occurs towards the
high-energy side of the peaks, as shown in Fig. 4.
As we shall see later, this has implications for the
understanding of the origin of the atomic Auger
peaks.

It is of interest to get quantitative information
on these effects. To this end, it is convenient to
separate the atomic from the bulk structure, and
the contribution of inelastic scattered electrons
from the bulk intensity. The first can be done
readily with an estimated error of less than 30%
caused by uncertainties in drawing the LVV “back-
ground.” The separation of the inelastically scat-
tered electrons is more difficult.?*?* We circum-
vent the problem by taking the channel intensity at
an arbitrary energy away from the atomic peaks as
a measure of the total LVV strength since the
shape of the line does not vary with energy. A
small correction is done to this intensity by sub-
tracting the extrapolated high-energy background.

In Figs. 5—7 we present the variation of three
quantities with ion energy: (a) Y, the atomic Auger
yield; (b) R, the ratio of the area of the atomic
peaks to the intensity of the bulk line at 60 eV (it
is in units of energy); (c) AE, the full width at half
maximum of the main atomic Auger line. These
quantities are shown as functions of projectile ener-
gy E,, and of the scaled energy yE,, which is the
maximum energy that can be transferred in a colli-
sion between a projectile of mass m and an Al
atom of mass M, where y=4mM (m +M)~2
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FIG. 4. Auger spectra of Al under bombardment
with Ar ions at different energies. The spectra were
normalized at an electron energy of 60 eV. Notice that
the atomic lines broaden asymmetrically to high electron
energies with increasing projectile energy.
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FIG. 5. Yields Y of the main Auger line of Al vs E,
the energy of the projectile, and vs yE,, the maximum
energy transfer in a projectile-Al collision.

III. DISCUSSION
A. The inner-shell excitation collision

One of the questions is whether the inner-shell
excitations are produced in collisions involving the
projectile and a target atom (PT) or between a fast
recoiling target atom and another, most likely sta-
tionary, target atom (TT).

If TT collisions dominate, it can be shown?’ that
the yields Y should follow a universal curve at low
energies, when plotted as functions of yE,. A
similar scaling was proposed by Wittmaack?® in
which Y /S, where S is the sputtering yield, rather
than Y is plotted as a function of yE,. We feel
that this procedure and similar considerations®’ are
misleading since a typical collision cascade leading

T T T T T T T T

)0%):’0(13 0%
F o SRgpfns, I ]
s re 1 .
<+ ° B + .
HE L 4 J
@ A He
< Ne
= - =+ O Ar
F " T x Kr 3
Foo L ¥ o O Xe 5
ol vt T
1 10 1 10
Ey(keV) VEq(keV)

FIG. 6. Ratio R of the yields Y of the main atomic
Auger line of Al to H, the bulk line at 60 eV, vs E,, the
energy of the projectile, and vs yE,, the maximum ener-
gy transfer in a projectile-Al collision.
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FIG. 7. Full width at half maximum AE of the main
Auger line of Al vs E,, the energy of the projectile, and
vs YE,, the maximum energy transfer in a projectile-Al
collision. The resolution of the analyzer was 0.4 eV
FWHM in these measurements.

to sputtering is by no means a typical one leading
to violent inner-shell excitation collisions. It can

be seen in Figs. 5—7 that the use of the scaled en-
ergy vE, leads to universal curves for Y, R, and

AE, with good accuracy, except for He' and low-
energy Ne™ projectiles. For the other ions, Fig. 8
shows that the low-energy behavior follows a law:

vE, |

E,

Y=Y0 -—1

’

with p =2.5 and E,=(0.90+0.02) keV. The thres-
hold energy E, is the minimum energy needed by
an Al atom to excite a 2p electron in an Al-Al
collision. The existence of this threshold is not in-
consistent with the idealized electron promotion
model of Cacak et al.?® In this model, the excita-
tion probability as a function of internuclear dis-
tance r is taken as constant below a critical dis-
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FIG. 8. Near-threshold behavior of the yields Y of
the main Auger line of Al vs yE,, the maximum energy
transfer in a projectile-Al collision. The line represents
the fit Y « (yEo—0.9 keV)*>.
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tance r. and zero for r >r,. The critical distance
is that at which the promoted electron [in our case
in the 4fo molecular orbital (MO)] is transferred
to an unfilled level.

From the measured value of E, and calculated®’
interatomic potential energy curves for Al,, we can
derive ., =0.53 A, in good agreement with theoret-
ical predictions® for the crossing of the 4fo and
3pm MO’s.

For He* and low energy Ne* projectiles, the de-
viation from the otherwise universal Y vs yE curve
indicates that different, projectile-target excitation
collisions prevail. These excitations are extremely
unlikely, however, in the one-electron transitions of
the MO promotion model. Two electron transi-
tions seem possible, perhaps involving molecular
states of He* Al, He’* Al, and He*Al*(2p ~") (and
the corresponding ones for Ne). We must await
detailed calculations of molecular-state curves to
draw more conclusions on this mechanism.

B. Identification of the atomic lines

We assign peaks P, P,, and P; to Auger transi-
tions of sputtered atoms in initial states
A1%(2p33s23p?) and Al*(2p°3s?3p). These transi-
tions have energies which can be calculated to be
close to the ones observed. In particular, the main
line is assigned to the transition A1%(2p®3s23p?)
—Al1*(2p®3s3p). The peak position is 6.29+0.1
eV, after correcting for the difference between the
measured work function of the spectrometer and
4.26 eV, the work function of clean polycrystalline
AL*® The calculated Auger energy®' is 63.6 eV
with an estimated uncertainty of 1 eV, for the
most probable (higher multiplicity) J = 3 initial
vacancy and 3P final configuration of the outer
electrons. Other final Al™ states are the 3s3p p,
3p?, and 3s* with estimated energies in the regions
of the low-energy shoulder of peak P, peak P,,
and the high-energy edge of the L, ; V'V bulk peak,
respectively. The intensity of this last transition is
expected to be weak.?

Peaks P, and P; can be assigned to the initial
state Al*(2p>35s23p) leading to the final states
AI?*(2p®3s) and AIP*(2p©3p), respectively. The
energies estimated by Dahl et al.3! for these transi-
tions are 57.8 eV and 51.3 eV, respectively, or
about 2.5-eV higher than our measured peak ener-
gies. Other estimates can be made which yield
better agreement with experiment®* but the uncer-
tainties associated with estimating the energy of
the initial level, and the lack of precision electron
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excited Auger spectra of free Al atoms, prevents us
from drawing more definitive conclusions at
present.

We must mention that attempts have been made
in the past to assign peaks P, and P; to discrete
energy losses suffered by electrons, originally from
peak P, in exciting surface and volume plasmons
of AL3*~% A close examination shows, however,
that the energy differences are quite removed from
the values for those excitations, and that the
widths are too small. Vrakking and Kroes** went
to the extreme of postulating a decrease in the
plasmon frequency of Al by a factor of 2 in the re-
gion of the collision cascade in the solid, in order
to fit the experiment to the idea of plasmon losses.
Still within the model of discrete energy losses is
the proposal of Benazeth et al.*!"*? of excitation of
3s electrons of the target. These authors had aban-
doned the idea of plasmon losses after observing
that the peak positions did not vary in going from
the pure element to alloys. They could not ex-
plain, however, the nature of the sharp state to
which the 3s electron must go; the reason why the
3s electron decouples from the band to form a
“quasiatomic” level; nor why the energies do not
depend on the alloying of the Al samples.

We also disagree with the hypothesis presented
by Benazeth et al.'®*? that the Auger peaks ori-
ginate from atoms decaying inside the solid, with
their valence electrons “decoupled” from the
valence band due to the motion of the recoiling nu-
cleus. In fact, even the fastest recoils move with
velocities of the order of, or less than, one-tenth
the Fermi velocity of Al, and so this motion is
nearly adiabatic for the electronic system. A fur-
ther argument supporting the view that the atomic
lines are due to atoms decaying outside the solid
will be presented below when discussing the widths
of the lines.

C. Line broadening

Different causes of line broadening can be iden-
tified, besides normal lifetime broadening, which is
negligible for the atomic L,; V'V lines.’? It is possi-
ble that two, or more, different Auger transitions
overlap and cause an apparent line broadening. In
particular, the 0.4-eV splitting of the 2p,,, and
2ps,, hole states is unresolved in our experiment.
This type of effect, however, is unlikely to have
the pronounced dependence on ion energy shown in
Fig. 7.
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The proximity of the surface of the metal to the
decaying atom is another source of broadening.
The electronic structure of the atom as it leaves
the solid through the surface, evolves from that of
the bulk to that of a free atom: the energy levels
shift and become narrower as the screening and
electronic overlap with other atoms decrease. This
source of broadening will be less important as the
ion energy increases (in our energy range) since the
excited sputtered atoms, carrying increasing mean
velocities, decay on the average at larger distances
from the surface. This is just opposite the be-
havior shown by the data (Fig. 7). Thus this effect
is not considered to play an important role in our
experiments, except, perhaps, at the lowest impact
energies. Quantitative conclusions must await
knowledge of the energy and angular distribution
of the excited sputtered atoms and of their lifetime
(which in turn may depend on the distance of the
atom to the surface).

The most likely cause of broadening is the distri-
bution in Doppler shifts due to the distribution of
velocity components of the decaying atoms in the
direction of observation. The Doppler shift is
given by

AE=2ELE,)"*+E¢ ,
with

Eyq= %E cos’0 ,

where m is the mass of the electron, M that of the
decaying atom, E, is the electron energy in the
frame moving with the atom, E is the kinetic ener-
gy of the excited atom at the time of Auger decay,
and 6 the angle between the directions of motion
of the atom and of the electron. For the main
atomic line of Al, AE~0.07 eV V E(eV)cosf.

The Doppler broadening has been proposed before
to account for linewidths.!”?*33 In past experi-
ments, however, the electron spectrometers collect-
ed electrons over a wide range of angles, and it was
not possible to draw conclusions regarding the
velocity distribution of decaying atoms. In this
work, in which the direction of observation is fixed
and close to the surface normal, we are able to ob-
tain the distribution of velocities perpendicular*® to
the surface of the decaying atoms. The asymmetry
of the distributions, and the fact that the low-en-
ergy side of the peaks is essentially unaffected by a
change in impact energy, suggests that all decaying
atoms are moving with velocity components fo-
wards the analyzer. This provides further support

to our assertion that the atomic peaks originate
from sputtered atoms, since one can expect that al-
though atoms decaying in the bulk, near the sur-
face, may have average perpendicular velocities to-
wards the surface, they may decay with a sizable
probability of moving away from the surface and
contribute to an impact energy-dependent broaden-
ing of the low-energy side of the peaks.

D. Bulk L, ;VV transitions

After the violent inner-shell excitation collision,
the excited Al atom can decay inside the solid,
with a lieftime of* ~2x 107! sec. This lifetime
is much shorter than the value for free atoms*
(~2x 10" sec) due to the increased local electron
density in the metal caused by extra-atomic screen-
ing. Thus, bulk-Auger transitions occur during the
development of the atomic collision cascade in the
solid, and therefore, they sample this disordered re-
gion. The similarity between ion and electron-
excited L, 3 V'V spectra suggest that this collision
cascade is dilute and of small influence to the local
density of states in the valence band. The differ-
ences can probably be accounted for, at least par-
tially, by Doppler, nonadiabatic,* and collisional
broadening.

R, the ratio of atomic to bulk-Auger intensities
shown in Fig. 6, is a measure of the chance that a
2p-excited Al atom decays outside, rather than in-
side, the solid. The energy dependence of this ratio
can be explained by the fact that, the larger the ion
energy, the larger the mean energy of the excited
atoms and the larger the chance that they survive
as excited during transit to the surface and that
they decay outside, rather than inside, the solid.

IV. CONCLUSIONS

Summarizing, our study of Al 2p excitation in
low-energy ion-surface collisions have led to the
following main conclusions:

(1) For heavy-ion impact, single Al 2p excitation
is produced in a two-step process: a fast recoiling
Al atom is produced in a collision between the pro-
jectile and a target atom; this recoil then produces
the excitation of a 2p electron in a violent collision
with another Al atom. The excitation occurs by
coupling between the 4fo and 3p orbitals of the
Al, pseudomolecule formed transiently in the colli-
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sion. A threshold center-of-mass energy of 450 eV
is required to reach the crossing of the intervening
molecular orbitals.

(2) For He™ and low-energy Ne™ ions, Al 2p ex-
citation occurs in projectile-Al collisions, possibly
as a result of two-electron transitions.

(3) The prominent atomic Auger lines originate
in sputtered, 2p-excited Al atoms and ions. The
lines are broadened by the Doppler effect and pos-
sibly also by the surface interaction.

Finally, we point out problems which look in-
teresting for future scrutiny: (a) the extraction of
information on the valence band, in the region of
the collision cascade, from analysis of details of
the bulk-Auger transitions; (b) the derivation of the

lifetime of the 2p level from the line shapes, and
from ratios of atomic to bulk-Auger yields; (c) the
relative role of different broadening mechanims;
and (d) the effect of the surface interaction in
determining the relative population of the different
outer levels of the sputtered, 2p-excited, Al parti-
cles.
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