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Solid targets of Be, B, and C have been bombarded with 80-keV Ar™ ions, and photon
emission from sputtered particles has been studied. For beryllium, several strong Bel and
Bell emission lines have been observed, and the photon intensities have been converted to
relative level population data. Essentially no radiation could be detected with a boron tar-
get, and only weak molecular emission was observed for carbon. The results are discussed.
They are in accordance with the ideas behind a newly proposed electron-pickup model for
atomic excitation in sputtering, but seem not to support a statistical (or binary-collision)

model.

I. INTRODUCTION

This work is a continuation of our attempts to
systematically-study atomic excitation in sputtering
processes. There are at present essentially two
models for the formation of excited atoms in
sputtering processes. These are the electron-pickup
model'! and the statistical (or binary-collision)
model.? Other models have been discussed and
ruled out in Refs. 1 and 2.

The electron-pickup model' has been proposed for
solid metal targets, and it draws a parallel between
beam-foil events and sputtering. The initial condi-
tion in the electron-pickup model is, that in an un-
disturbed metal, the atoms are in a crude picture sit-
ting as ion cores immersed in an electron gas con-
sisting of the valence electrons of the individual
atoms. The motion of a valence electron is delocal-
ized in the metal. The sputtered atoms are initially
set in motion from the surface in the same charge
state as they exist in the solid, i.e., as positive ions.
The majority of them will become neutralized when
they leave the solid, because they pick up electrons.
Such an electron pickup can lead to sputtering of ex-
cited species, simply because some of the electrons
may be picked up into some excited state and not
the ground state. The electron-pickup model is
based on the electronic structure of solid metals, as
explicitly specified above in the initial condition.

The statistical model? focuses attention to the last
collision involved in the sputtering of an atom.
That collision is almost binary, and the atom will in-
itially be located at or very close to the surface. The
initial condition in the statistical model is that the
atoms are sitting almost as free atoms in their
ground state, and excitation in sputtering results
from atom-atom binary collisions. According to
such a model, ideally, the excitation would be
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described in terms of molecular potential-energy
curve-crossing processes,” as in real binary, low-
energy atomic collisions. However, since this was
regarded? as being prohibitively complicated to car-
ry out for outer-shell excitations in any but the
lightest atoms, a random, inelastic energy transfer
was introduced.” In passing we mention that all dis-
turbances are so strong during the collision cascade
that application of any perturbation treatment like
the Born approximation clearly will be inadequate.

We have bombarded solid targets of elemental
beryllium, boron, and carbon in an attempt to clear
up the diversity concerning the excitation mechan-
ism in sputtering events. These three elements have
similar surface atomic binding energies. Therefore,
the total sputtering yields will be similar,* and so
will the kinetic energy distributions of the sputtered
particles.* Furthermore, since these three elements
are adjacent in the Periodic Table, the evolutions of
the collision cascades leading to sputtering will be
similar.* It turns out for these three elements that
the atomic excitation energies of relevance are close
to each other,’ and furthermore, since these atoms
are light, the molecular potential-energy curves can
be estimated well enough for a qualitative discussion
of possible curve crossings of relevance for excita-
tion phenomena.

II. EXPERIMENTAL

The accelerator,® the experimental equipment,! as
well as the data treatment,! have been described pre-
viously. Therefore, only a very brief description will
be given here.

Solid targets of elemental beryllium, boron, or
graphite of high-grade purity (99.99%) were bom-
barded with 80-keV Ar™ ions at a residual gas pres-
sure of 10~° Torr, which equals 1.3x10~7 Pa.
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Photons emitted from sputtered particles were ob-
served with a quantum-efficiency calibrated, one-
meter scanning monochromator, working in the
wavelength region 200—1000 nm.

The relative population N; of level j (uncorrected
for cascade contributions) is given by!

N; =SAj)/[KXj)by 1,

where S(A ) is the signal of the transition from an
upper level j to a lower level k (at wavelength Aj;),
K(Aj) is the quantum efficiency of the detecting
device, and by, is the branching ratio for the transi-
tion. Only relative level populations uncorrected for
cascades have been determined in this work.

III. RESULTS

The relative level population results, uncorrected
for cascades, are given in Table I. They are all on
the same scale.

With a beryllium target, a number of lines was
observed, some of them being very bright. With bo-
ron, only one weak line, namely the 2s2p 'P—2p2'D
transition at 345.1 nm in singly ionized boron (B 11)
was observed with certainty. The signals at wave-
lengths of 249.7 and 209.0—209.9 nm, correspond-
ing to the transitions 2s%2p2P—25%352S and
2522p 2P--252p22D in neutral boron (B 1) were essen-
tially at background level, so that even for these res-
onance transitions in neutral boron, the correspond-
ing level populations could not be measured.

We observed very little radiation with a carbon
target. The CI transition at 247.8 nm was hardly
seen. No traces of impurities occurred, except of
hydrogen, from which the two first Balmer lines
were observed, with very low intensity. Also, the
CH band at 431 nm occurred, indicating that a com-

TABLE I. Relative level population results, uncorrect-
ed for cascades.

Relative level

Target Level population
Be Bel 253s3S 0.13
253d 3D 0.25
2s3d'D 0.017
2s4d 'D 0.0010
2p3s P 0.0008
Bell 2p?2P 1
4d ’D 0.012
AfF 0.0020
B Bl 25%3s52%S <0.001
B 2p*'D 0.011

plete cleaning of graphite is questionable.

A broad spectral feature occurred with graphite in
the interval 450—470 nm. It could be identified as
the so-called high-pressure bands of the C, Swan
system.” These are bands with v/=6 (v’ being the
vibrational quantum number of the upper term; we
use the same notation as Ref. 7). However, the
bands with other values of v’ in the Swan system did
not occur.

It is worth noting that with a carbon target, we
observed radiation from the C, molecule, whereas
with a boron target, no radiation was observed from
molecules.

The very low excitation probabilities for boron
and carbon are remarkable, especially for boron, be-
cause the resonance lines of this element are at
wavelengths where the overall detection efficiency is
high. Also, we have work in progress, in which
aluminum and other metals like gold (copper, silver,
cadmium), which are easy both to manufacture with
high purity and to keep clean of oxygen, are bom-
barded under the same vacuum conditions as those
of this work. We find that the spectral line intensi-
ties of Be, Al, and other metals like gold are of simi-
lar strengths. Therefore, we believe that the strong
Be signals are appropriate to Be metal itself and are
not caused by an oxygen contamination of the Be
target. Rather, we believe that the weakness of the
boron signals is the peculiar case, being at variance
with many metals. As an example, for aluminum
strong excitations are seen for many levels of this
element which is homologous to boron. This is in
clear contrast to the weak excitation of boron, be-
cause the level schemes, the excitation energies, and
the ionization potentials for aluminum are very
similar to those for boron. With an aluminum tar-
get, the level excitation probabilities measured for
sputtered Al are comparable to those for Be, and ex-
citation of Al1I and Al1il is observed besides Al1.

The very faint signals with a boron target was a
great surprise, and we believe it to be an important
finding, since we, in an earlier study® with similar
detecting efficiency, saw strong signals for the
above-mentioned resonance lines in neutral boron as
well as for other transitions. Also, Kelly et al.® ob-
served strong signals when bombarding boron-
containing targets. The only significant difference
between the present study and those reported in
Refs. 8 and 9 is that the present measurements have
been carried out under ultrahigh vacuum conditions,
ensuring a clean surface, contrary to the previous
works.®® To test whether the reduction in signal is
caused by the surface cleaning, the valves between
the target chamber and the pumps were closed, so
that the pressure in the target chamber increased to
the ordinary diffusion pump pressure of 10~ Pa in
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the accelerator. By doing so, the signals of various
B1, B1l, and Bl lines increased immediately some
orders of magnitude, indicating the role of surface
impurities in the excitation process. This, at the
same time, implies that the signal observed under ul-
trahigh vacuum conditions for the 345.1-nm transi-
tion in B1I, and thus the boron level population re-
sult given in Table I, may partly be caused by
remanents of surface impurities and need not be
representative of an entirely clean surface. A clean
surface may lead to an even lower excitation effi-
ciency than that observed here.

The increase in signals observed with a boron tar-
get and closed pump valves are consistent with re-
sults published by Tsong.!° He measured absolute
photon yields for a number of elements bombarded
with 20-keV Ar™ ions, and with oxygen present at
the target surface. From his results he deduced
detection limits for various elements, and found the
detection limit for boron to be only a factor of 2
higher than that for beryllium. With clean surfaces
we find the detection limit to be at least 2 orders of
magnitude in difference, using the same transitions
as Tsong!® (Be1, 234.8 nm, and B1, 249.7 nm).

IV. DISCUSSION

As mentioned in the Introduction, there are
presently two models for atomic excitation in
sputtering: the electron-pickup model! and the sta-
tistical (or binary-collision) model.?

The most significant result of this experimental
investigation is the low excitation efficiencies for bo-
ron and carbon, in contrast to those observed for
beryllium. There are no excitation cross-section
data available for binary atomic collisions for these
elements. However, normally, excitation cross sec-
tions for atomic collision processes do not change
very abruptly when the collision system is changed.
Therefore, remembering that all of the kinematics of
the sputtering processes as well as the sputtering
yields are very similar for these elements (cf. Sec. D),
the absence of excitation for boron and carbon com-
pared with beryllium is at variance with what one
should expect from the statistical model.> The ab-
sence of excitation for boron, compared with that
for beryllium, can be interpreted as absence of
binary-collision induced excitations in sputtering
processes, because of all of the similarities between
the overall situations for beryllium and boron.

According to the statistical model,? the excitation
observed should be describable in terms of molecular
curve crossings, as in real, binary atomic collisions.
Since beryllium, boron, and carbon are few-electron
systems, the molecular-orbital diagrams of relevance
for a qualitative discussion of curve-crossing phe-

nomena are easy to construct. A starting point for a
discussion of excitation in slow, binary atomic col-
lisions is the so-called molecular-orbital (MO) corre-
lation diagram,*® which gives a schematic representa-
tion of how the atomic configurations in the
separated collision partners correlate to the configu-
rations in the united atoms limit, when the internu-
clear distance is reduced during the collision. The
correlation diagrams of relevance for the Be-Be and
B-B atomic collisions are readily constructed from
the rules outlined by Barat and Lichten,® namely
that the number of nodes in the radial part of the
wave functions (equal to n —/ —1, where n is the
principal quantum number and !/ is the orbital angu-
lar momentum quantum number) is conserved, at
the same time as the Pauli principle is obeyed.

The correlation diagram for the Be-Be collision is
shown in Fig. 1. Molecular orbitals which carry
electrons in the incoming channel have been drawn
with full lines, whereas initially empty orbitals are
shown with dashed lines. We observe from the

0 Be

FIG. 1. Diabatic molecular-orbital diagram for the
beryllium-beryllium collision shown schematically. To
the right of the figure is shown some terms of the separat-
ed beryllium atoms (not to scale), and the corresponding
united atoms terms (oxygen) are given to the left (not to
scale). The terms of the separated and the united atoms
have been connected by straight lines to indicate how the
levels correlate during a binary collision. Correlations for
terms carrying electrons in the incoming channel are
shown with solid lines, whereas originally empty orbitals
are given by dashed lines. See also the text.
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correlation diagram that only the 2p, 3s, and 3p con-
figurations in beryllium can become excited through
electron promotion processes’ at MO curve cross-
ings. Also, the MO correlations do not lead to ioni-
zation. However, from Table I we learn that (i) the
3s level in Bel is populated less that the 3d level is,
(ii) both of these level populations are surpassed by
excitation of the 2p level in ionized beryllium, which
involves ionization combined with excitation. Both
of these findings disagree with the expectations from
the MO correlation diagram.

The correlation diagram for the boron-boron col-
lision is shown in Fig. 2. Naturally it is very similar
to that for the Be-Be case (Fig. 1), and thus gives no
explanation for the absence of excitation for boron.

Excitation of triplet levels in neutral beryllium is
of interest due to the Wigner spin-conservation
rule,!! which says that if during an atomic collision
the spin-orbit coupling is weak, the total electronic
spin will be conserved. If it is believed? that atomic
excitation in sputtering results from binary col-
lisions between atoms which initially are in their

2p
2s

1s

Ne B

FIG. 2. Diabatic molecular-orbital diagram for the
boron-boron collision shown schematically. To the right
of the figure is shown some terms of the separated boron
atoms (not to scale), and the corresponding united-atoms
terms (neon) are given to the left (not to scale). The terms
of the separated and the united atoms have been connect-
ed by straight lines to indicate how the levels correlate
during a binary collision. Correlations for terms carrying
electrons in the incoming channel are shown with full
lines, whereas originally empty orbitals are given by
dashed lines. See also the text.

ground states, then, excitation of a triplet term in
one of the colliding beryllium atoms can only take
place if the collision partner also becomes excited to
a triplet level (or is ionized). This is because of the
Wigner spin-conservation rule,!! and because berylli-
um is well described in the LS-coupling limit, so
that spin-orbit couplings are known to be weak for
Be. However, since excitation of both collision
partners will be less probable than excitation of only
one of them, due to their low Kinetic energies, one
would, in a binary-collision picture,? expect the trip-
lets to be less excited that the corresponding singlet
levels, as has been observed in some gas collisions.
However, this is not the case for beryllium. The
3d>D level is excited with a probability of more
than ten times as large as that for the 3d 'D level, cf.
Table I. Also this finding speaks against the binary
collision picture.? Indeed the factor of more than 10
in population between these two levels is remarkable,
since one would from a statistical weight ratio
viewpoint expect a factor of 3. The preferential
population of triplets is, on the other hand, under-
standable from the electron-pickup model taken to-
gether with the electronic properties of metallic
beryllium. The divalent metal beryllium would be
an insulator, were it not for the overlap of the 2p
band with the 2s band.!> The conductivity arises
from holes at the top of the 2s band, the holes being
created by the electron overspill into the 2p band.!?
The electrons picked up by an ion core in a sputter-
ing event will preferentially come from the top of
the valence band, because such electrons are closest
in binding energy to the atomic states in question.
Such electrons in the solid will locally tend to have
their spins aligned parallel’? (i.e., to form triplet
structures) because this is energetically favorable.
This is a common feature and is known as Hunds
rule. Thus triplet levels will be favored in two-
electron-pickup processes.

The electronic structures of solid beryllium and
boron are very different, and the reduction in excita-
tion probabilities observed by going from Be to B
undoubtedly finds its explanation in the different
electronic structures of the solids. Beryllium is a
metal with a reasonable electrical conductivity,
whereas boron is a semiconductor. In other words,
solid beryllium can in a crude picture be regarded as
being built of ion cores (Be**) immersed in a gas of
free electrons,!> whereas the atomic bonds in solid
boron are of covalent nature, i.e., an electron from
each free atom is transferred to the region between
the atoms joined by the bond in the solid.!?> In a co-
valent bond, the atoms tend, in a sense, to fill up
their originally empty valence shell orbitals by shar-
ing electrons with neighbor atoms. Thus when a bo-
ron atom during a collision cascade is set into
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motion leading to its sputtering, the electrons are
already—Iloosely speaking—in orbits which in shape
are very similar to those of the ground state of the
free atom. During the sputtering event they will be
able continuously to adjust their motions adiabati-
cally, so that they end up in the atomic ground state.
The same picture can be applied to carbon, but the
situation is very different for beryllium. For that
element, the valence electrons are initially in the
valence band of the solid. Thus their initial orbits
are very different from atomic orbitals. They have
to change their orbits drastically during the sputter-
ing event. Since the geometric overlap between ini-
tial and final state is better for larger orbitals (i.e.,
excited states), excitation can well occur for Be. The
lack of excitation for B compared with Be can thus
be regarded as a predictive test of the electron-
pickup model.!

It is remarkable that the only excitation seen with
a boron target is the 2p? configuration in B I rather
than the 2p configuration in B, because excitation
of the 2p? configuration in BII from the 2s%2p
ground configuration in B1 involves ionization of
one of the two 2s electrons and excitation of the oth-
er 2s electron, whereas excitation of the 2p level in
B1 only involves excitation and not ionization.
Therefore, this observation also speaks against the
statistical model,> whereas it can be understood
from the electron-pickup model.! In solid boron,
most of the bonds will be of covalent nature, as dis-
cussed above, but in few cases, a boron atom will be
bound differently, either because of presence of an
impurity like oxygen, or due to imperfections of the
solid structure. In some cases, the sputtered atom
may initially be sitting as an ionic core, and then the
electron-pickup model! is applicable.

Radiationless deexcitation of a sputtered, excited
particle close to a metal surface has been discussed
widely in the literature, see, for example, Refs. 8 and
14—18. The prerequisite for a one-electron nonradi-
ative deexcitation process to occur is that the upper
level of the excited, sputtered atom energetically
coincides with an empty state in the conduction
band of the solid. If that is the case, the excited
electron may jump back from the atom to the solid.
This is a resonance ionization process. If the surface
of the metal is oxidized, such a resonance ionization
process can become inhibited, because a band gap is
introduced in the solid. The possibility of a reso-
nance ionization process to occur at clean metal sur-
faces, combined with its disappearance when oxygen
is admitted to the surface have been used repeatedly
to explain the observation that atomic excitation
probabilities increase rapidly with increasing con-
centration of oxygen at the target surface, see, for
example Refs. 15—18.

Solid boron BI
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FIG. 3. The electronic energy structure of solid boron

is shown together with the energy-level diagram for a
free, neutral boron atom.

The electronic energy properties of solid boron
seem to be somewhat uncertain. From the work-
function values listed in Ref. 19, it seems most
reasonable to use a value of 4.5 eV for this quantity.
Of the bandgap values compiled by Strehlow and
Cook,?° a bandgap of 1.4 eV is most plausible to ap-
ply for amorphous boron. From these data, as well
as from the ionization level and excitation energy di-
agram of the neutral boron atom,’ the energy dia-
gram shown in Fig. 3 has been constructed. As seen
from this figure, the lowest-lying excited level of B1
is located 0.2 eV below the bottom of the conduction
band in solid boron. Therefore, from the undis-
turbed energy diagrams shown in Fig. 3 one-electron
radiationless deexcitation processes cannot occur for
the lowest-lying excited level, and consequently,
such processes cannot account for the low excitation
efficiencies observed for a clean boron target. Rath-
er, the prohibition of radiationless deexcitation
should preserve atomic excitation with a boron tar-
get, contrary to the case of metals like Be and Al.
However, energy-level shifts and broadenings have
to be taken into account also. Such effects may or
may not modify Fig. 3 so much that radiationless
deexcitation becomes possible for the lowest-lying
level in neutral boron. Anyway, if one-electron radi-
ationless deexcitation does occur at a clean metal
target surface, then the initial excitation with a clean
metal target must be tremendously large, compared
with that for boron.

In passing we mention that Loxton et al.!” have
studied a possible influence of nonradiative transi-
tions on bombardment-induced photon emission
from titanium and titanium oxides. They concluded
that they failed to observe any change in photon in-
tensities corresponding to such a process, suggesting
that it is not influencing the excited atoms leaving
the surface. Also, they!” mention that there exists
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no direct evidence for the occurence of such a pro-
cess from other works.

It is noteworthy to see how the excitation proba-
bilities are increased for boron (cf. Sec. III) if oxygen
is admitted to the target surface or bulk. This ap-
plies not only for weakly bound levels in B1, but
also for B1I levels bound 12 eV or more, and even
B1iI lines are seen. These increases for B 11 and B 111
lines have clearly nothing to do with a prohibition of
radiationless deexcitation as suggested for metals in
oxygen, and must thus find another explanation.
The following explanation has been suggested previ-
ously!*!8 for metals and may also be applicable to
boron. When the projectile penetrates the surface,
electrons will become excited at the same time as the
nuclear motions leading to sputtering are initiated.
For clean metals, the relaxation times are much
shorter than the total time evolution of the sputter-
ing processes. Therefore, for clean metals, sputtered
atoms will interact with a surface which mainly has
relaxed. But for surfaces containing oxygen, the re-
laxation times will be comparable to or maybe even
larger than the time scale of a sputtering event, so
that the sputtered atoms will interact with a surface
region more highly excited than is the case for
atoms sputtered from clean surfaces. This can well
lead to higher excitation probabilities'*!® at oxidized
surfaces than at clean surfaces.

As already mentioned, when a carbon target was
bombarded, the so-called high-pressure bands of the
C, Swan system’ were observed. These are bands
with v'=6. However, bands with other values of v'
of the Swan system did not occur. This, taken to-
gether with the work by Jeunehomme and Schwenk-
er’! gives some insight into the formation of sput-
tered, excited molecules. They?! irradiated graphite
under vacuum with a beam from a ruby laser, and
photographed the photon spectrum. When the laser
was focused exactly on the carbon surface, they ob-

served only Cu lines. But when the focus was
moved away from the target, the first bands detect-
able were the high-pressure bands of C,. At larger
distances between the focus and the surface, the in-
tensity of the high-pressure bands were reduced,
whereas the ordinary members of the Swan emission
bands increased, passed through a maximum, and
then finally disappeared. In other words, the high-
pressure bands were produced in a relatively hot
plasma (not necessarily at local thermodynamic
equilibrium conditions), whereas the ordinary
members of the Swan emission bands occurred when
the plasma was colder. Thus our observation of
only the high-pressure bands seems to indicate that
excited C, molecules are formed only when two car-
bon atoms collide during the collision cascade at or
very close to the surface. Fragmentation of the sur-
face lattice does not lead to formation of stable, ex-
cited molecules.

V. CONCLUSION

The difference in excitation efficiency observed
between beryllium and boron indicate that atomic
excitation in sputtering for these systems is strongly
influenced by the initial electronic structure of the
solid. The net excitation induced through binary or
near-binary atomic collisions or similar processes
(boron) is much smaller than that resulting from
electron-pickup for metals (beryllium).
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