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Formation of metastable excited Ti and Ni atoms during ion sputtering
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Metastable excited neutral Ti and Ni atoms in electronic states with energies up to approximately
0.2-eV excitation energy, ion sputtered from polycrystalline samples, have been analyzed with re-
spect to their relative population and their velocity distribution. The in8uence of the electronic
configuration (a E for Ti and a E and a D for Ni) on the population and energy distribution has
been investigated. The targets have been bombarded with 8.0 keV Ar+ ions under a 45' angle of
incidence. The sputtered secondary neutrals were ionized by resonant one-color two-photon laser
radiation and mass analyzed in a time-of-Bight mass spectrometer. The population of all excited
metastable states in the energy regime up to 0.1 eV have been found comparable to the ground-state
population. The velocity distribution of the ground and excited states, regardless of their excitation
energy and electronic con6guration, have been found identical and governed by the collision cascade
following the ion impact.

I. INTRODUCTION

The flux of secondary particles ion sputtered from
metal surfaces consists of atoms, molecules, and clusters.
These species can leave the surface in a variety of excited
and charged states. Prom clean metals, the majority is
emitted as neutral atoms in the electronic ground state.
Despite the relative small contribution of non-neutral,
non-ground-state particles, knowledge of the mechanisms
responsible for charged and excited particle emission are
important for the understanding of inelastic phenomena
during the ion-solid interaction. However, a conclusive
picture of the physics is not available.

In the collision cascade model for sputtering, elec-
tronic processes can be taken into account only as a ki-
netic energy loss of the cascade atoms. A universal phys-
ical model of the mechanisms of the electronic excitation
and deexcitation process is, however, not easily known.
Several models and theories which try to describe a spe-
cific part of the entire excitation-deexcitation-emission
process have been proposed in the literature. A sum-
mary of the subject has been given by Yu.

The essential difFiculty arises when one tries to obtain
information about the different possible excitation (ion-
ization) and deexcitation (neutralization) processes from
experimental results, because the data always show a
convolution of all these possible processes. However, one
can expect, as outlined later in this section, to obtain im-
portant clues for deconvoluting the different mechanisms
&om both the measurement of the abundance of excited
atoms in the different electronic states and the energy
distribution of the atoms emitted in theses states.

In the following a possible scenario leading to the emis-
sion of excited sputte'red particles is outlined. Immedi-
ately after an atom escapes &om the surface it can be ei-
ther in a neutral ground state, a neutral excited state, or
in an ionized state. As far as the possible excitation pro-
cesses are concerned, excitation of inner shell electrons

can definitely occur in the cascade during the collision
of atoms with high relative kinetic energy. As a conse-
quence of these excitations, Auger electrons are emitted
and have been observed experimentally. '" Outer shell
excitations of atoms during the final collision associated
with the sputtering of a surface atom have also been
discussed. The population of valence electronic states
during the collision cascade, however, poses a more se-
vere problem. During the collision cascade the atoms in-
volved represent a part of the solid; hence the existence
of valence electronic states (in which the atom is later
observed in the gas phase) has to be treated with some
care. Nonetheless, recently the possibility of excitation
of these states has been incorporated into a molecular-
dynamics (MD) simulation treating the entire process
chain for emission of sputtered excited atoms and yield-
ing good agreement with specific experimental results.
Excited sputtered atoms can also be detected in the gas
phase as a result of single knockon (recoils) by the incom-
ing ion of a surface atom. Finally, collisions of emitted
atoms above the surface can lead to excitations and has
been identified in MD calculations. '

If we assume that the atom is in an excited state after
the final collision resulting in sputtering, it can be nonra-
diatively deexcited due to the electronic interaction of an
electron with the conduction band of the solid. This in-
teraction is restricted to a few A above the surface. The
cross section for this deexcitation depends on the overlap
of the wave function of the atom and the solid, hence on
the specific electronic configuration of the excitation level
observed. Furthermore, a significant dependence of the
deexcitation probability on the velocity of the escaping
atom should be assumed. In general, a dependence of the
form exp( —A/av~) is expected, where a and A are ion-
target specific parameters and v~ is the emission velocity
in the direction of the surface normal. This expresion was
originally introduced by Hagstrum to describe the neu-
tralization probability of positive ions at the surface. It is
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also well established that electronegative adsorbates (in
particular oxygen) on the surface result in a substantial
(someti. mes up to two orders of magnitude) increase of
the amount of sputtered excited atoms. Several expla-
nations of this effect have been proposed, ranging from
a change in the work function of the oxidized surface to
bond-breaking processes.

The experimental method used in the experiments
performed and described in the following sections is
restricted to the investigation of atoms in excited
metastable states. Since no fundamental difference in the
physics of the formation and nonradiative deexcitation of
atoms in metastable states and those in states with al-
lowed electric dipole transitions to lower levels is obvious,
we can assume that the results obtained can easily be
extended to sputtered excited atoms in general. So far,
most work concerning sputtered metastable atoms has
been obtained with laser-induced-fluorescence (LIF)
and the study of emitted light by excited atoms. Recently
new measurements of sputtered atoms in metastable ex-
cited states have been performed with resonant ionization
spectroscopy (RIS). '

II. EXPERIMENTAL DETAILS

Polycrystalline titanium and nickel were bombarded
under a 45' angle of incidence with Ar+ ions of 8.0
keV energy and 1.5 pA current from a Colutron ion
source; the primary ion Aux density was around 10 Ar+
ions/scm . The base pressure in the UHV chamber was
approximately 5 x 10 mbar.

Since the yield of atoms sputtered in excited states
might strongly depend on impurities, in particular, oxy-
gen on the surface, it was necessary to clean the sample.
This was achieved in situ by sputtering with a continu-
ous ion beam, which was rastered across a surface area of
about 2 mm x 2 mm for a few minutes before the mea-
surement. Secondary neutral mass spectroscopy (SNMS)
was used to check the surface composition with respect
to impurities, in particular oxides. VVithin the sensitiv-
ity of SNMS, no measurable surface contaminants have
been detected immediately after cleaning. Therefore, for
measurements with a continuous primary ion beam, the
in8uence of oxygen or other impurities can be assumed
to be minimal. For measurements of the velocity distri-
butions, where the ion beam has to be pulsed, regular
dc sputter cleaning also ensured identical surface condi-
tions. However, in order to keep ion-beam-induced sur-
face damage minimal, the total dose of Ar+ ions has to
be kept low. The possible inAuence of the surface rough-
ness on the velocity distribution will be discussed later.
Ionization of secondary neutrals was achieved by radia-
tion from a tuneable dye laser pumped. by an excimer
laser operating at 308 nm (XeCl). The sputtered sec-
ondary neutrals in different electronic states have been
analyzed by one-color two-photon post-ionization in the
wavelength regimes around. 360 and 290 nm, respectively.
For the measurements in the 290 nm range, the fund. a-
mental wavelength of the dye-laser output was &equency
doubled. The distance d Rom the sample to the center

of the focused laser beam was around 4 mm. The laser
beam and target surface were parallel to each other; the
dimension of the laser focus was approximately 0.2 mm
in diameter.

Operating with wavelengths in the near-UV regime
makes two-photon ionization possible for most metals.
In order to identify a specific electronic state, the wave-
length has to be tuned to an atomic resonance transi-
tion &om this state to an intermediate state. Absorp-
tion of a second photon leads to ionization of the atom.
Since the cross section of this resonant process is orders
of magnitudes higher than for nonresonant two-photon
ionization, the photoions originate predominantly from
one electronic state.

After post-ionization the particles were accelerated and
mass analyzed in a time-of-flight (TOF) spectrometer.
Measurements were performed in two different geome-
tries of the TOF spectrometer. In the erst operating
mode, an ion mirror (reflectron) was used in the TOF
path. This geometry yields high mass resolution and
suppresses secondary ions created at the target surface.
Since the transmission of the reQectron is not uniform
for all particle velocities and, furthermore, acts as a low
pass Alter, the velocity measurements were performed in
a straight TOF geometry without reHectron.

Analysis of the velocity spectra of sputtered atoms
by a combination of laser post-ionization and time-
of-flight techniques was recently performed by several
groups. ' The Hight time of the secondary neutrals
&om the sample surface to the ionization volume (d = 4
mm) is determined by setting a delay t between the pri-
mary ion pulse and the laser pulse. Measuring the exact
distance d allows one to determine the particle velocity
e. In order to obtain a high time resolution, it was neces-
sary to use very short ion pulses with a half wid. th of less
than 100 ns. This is much shorter than the characteristic
drift times of the neutrals &om the target to the ioniza-
tion volume (typically between 200 and 5000 ns). Only
particles emitted within a narrow angle around the sur-
face normal were detected with the TOF spectrometer.
Therefore, all secondary neutrals have nearly the same
drift length d from the surface to the ionization volume.
A more detailed description of these experimental details
has been previously presented.

III. RESULTS

At this point we would like to stress the following fact,
which is important for the understanding of the experi-
mental velocity (TOF) spectra presented in the following
and also for the comparison of these data with exper-
imental results obtained under d.ifferent conditions and
by other groups.

The experimental row data are Qight time distribu-
tions. The SNMS signal is recorded as a function of the
Bight time of the particles between the sample surface
and the laser beam. These data can easily be converted
into velocity or energy distributions, takiag into account
the scale transformation of the ordinate.

Theoretical models, in general, yield an analytical ex-
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pression for the particle flux (or particle density) dis-
tribution of the sputtered particles as a function of the
kinetic energy. For the energy range and mass of pri-
mary ions used in this paper, it is well established that
the Thompson distribution describes the energy of sput-
tered neutral atoms in the electronic ground state quite
well. ~ Therefore, it is useful to compare the experi-
mental energy distributions of sputtered particles with
the Thompson distribution, which means comparing un-
known distributions with the distribution of sputtered
neutral ground-state atoms. The Thompson formula
gives the particle flux distribution f(E) in the form

f(E) oc E/(U s+ E)"+',

where E is the kinetic energy, Ub is the surface binding
energy, and n represents a fit parameter. The Thomp-
son formula is also often presented as a particle density
distribution n(E). Since f(E) = n(E) v and v oc i/E,
the density distribution can be expressed in the form
n(E) ~ ~Z/(V, + E)"+'.

An important question is whether the measured SNMS
signal is proportional to the particle Pux through the ion-
ization volume or to the particle density in the ionization
volume. In the most general case, the detected SNMS
signal will consist of a density and a flux contribution. ~

For our pulsed laser system the expected signal is, in a
first approximation, proportional to the particle density.
However, for certain experimental parameters, e.g. , high
particle velocities and high ionization cross sections, the
signal can deviate &om the density distribution towards
a flux distribution.

In order to compare the measured distributions with
the Thompson distribution, we have, therefore, incorpo-
rated the experimental conditions (dimension of the ion-
ization volume, length of laser and ion pulse, ionization
efficiency, etc.) via a computer modeling of the experi
ment. The measured signal was simulated by combining
the particle emission process (Monte Carlo —type random
particle emission assuming a Thompson velocity distri-
bution) and the post-ionization of the particles with the
specific geometry and SNMS parameters. By varying the
parameters of the Thompson distribution and compar-
ing the measured and simulated spectrum we can thus
directly check the validity of the Thompson distribution
for the energy (velocity) distribution in question.

A. Titanium

metastable excited states exist with excitation energies
around 0.9 and 1.4 eV. These excitation energies are rel-
atively high for sputtered atoms. With one exception,
no experimental results performed with post-ionization
methods exist for sputtered atoms in very high excited
metastable states (several eV excitation energy).

We have attempted to identify atoms in the metastable
excited states with energies above 0.9 eV, but did not
succeed in obtaining a signal. The reasons for that will
be discussed later together with the results for Ni. The
experiments for Ti described in the following, therefore,
are restricted to the metastable states of the ground-state
multiplet.

We have used two different wavelength regimes for
the resonant excitation (ionization) of specific electronic
states of sputtered atoms. Basically, identical results
have been obtained for both sets of experiments. In the
following the discussion will be restricted to results ob-
tained with resonant excitations in the wavelength regime
around 290 nm (frequency-doubled Rhodamin 6G). Us-
ing the regime above 360 nm some complications and
interesting features arise for the ionization process due
to two-photon absorption of Ti ground-state atoms into
Rydberg states. This highly excited atoms can ionize
easily due to the extraction field ( 5000 V/cm) of the
mass spectrometer. This results in "resonant" features
in the ionization spectrum due to Rydberg states or au-
toionizing levels. More details concerning these results
will be published elsewhere.

The Ti photoion signal as a function of the wavelength
of the resonant excitation is shown in Fig. 1. Resonances
are observed which correspond to resonant transitions
from the ground-state triplet a F to the intermediate
level v F . The corresponding J values, transition wave-
lengths, energy levels, and transition probabilities are
summarized in Table I.

The intensity of the laser radiation was approximately
10~ W/cm2. Saturation of the ionization could not be
achieved in most cases. On the one hand, this can be
concluded &om the fact that the signals from an iden-
tical initial state via different intermediate states vary
in intensity. On the other hand, it has been verified by
changing the laser intensity. The transitions probabilities
of the lines shown in Fig. 1 vary approximately within one
order of magnitude. Since saturation of the first resonant
excitation step a F-v F should be achieved easily with
the laser intensities used, the cross section of absorption
of the second photon seems to determine the efBciency
of the ionization and thus the measured photoion signal.

Ti atoms have been sputtered &om a polycrystalline Ti
target. For Ti, the three levels of the electronic ground-
state triplet are accessible for investigations. The ener-
gies of the excited levels in the ground-state configura-
tion a I" are relatively small (0.02 and 0.05 eV). The
electronic configuration of the multiplet is characterized
by two s electrons, which should act as a good shield
for possible interactions of the d electrons when leaving
the surface. Therefore, the cross sections for deexcita-
tions in the surface region are, according to the general
belief, expected to be small or negligible. Furthermore,

J,—JI,
4-4
3-3
2-2
4-3
3-2
3-4
2-3

A [nm]
295.61
294.83
294.20
296.72
295.68
293.73
293.35

R, [cm
386.9
170.1
0.000
386.9
170.1
170.1
0.000

EI, [cm ']
34 205
34 079
33 981
34 079
33 981
34 205
34 079

Ag, [10' s ']
0.97
0.93
1.00
0.11
0.18
0.077
0.096

TABLE I. Transitions from the Ti I ground state a I' to
3~0
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FIG. 1. Ti photoion signal as
a function of the post-ionizing
laser wavelength (A = 293—296
nm): The RIS peaks corre-
spond to resonant transitions
from the ground-state triplet
a I" to the intermediate level
v I' . The intensity of the
laser radiation was approxi-
mately 10 W/cm . The non-
resonant two-photon ionization
of Ti neutrals is negligible for
this wavelength range and the
laser intensities used.
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During the scan shown in Fig. 1 the laser intensity, due
to the efIiciency change of the laser dye and the frequency
doubler crystal, might roughly vary by a factor of 2.

As a consequence of the facts outlined above, an exact
and reliable quantitative determination of the population
of the metastable levels of the ground-state multiplet is
always left with an error bar of an order of magnitude.
We can, however, conclude from the measurements and
the known oscillator strengths of the Ti lines involved
that all levels (including the ground state) are popu-
lated after the sputtering process within the same order
of magnitude.

In order to determine the accuracy of the velocity spec-
tra, the following facts have to be considered. The flight
time of the particles has an absolute error of approxi-
mately +20 ns, since the zero point of the time scale
cannot be determined with higher accuracy. As a con-
sequence, for short Right times (below 200 ns) the
relative error can be high and, hence, the velocity dis-
tribution for kinetic energies above 100 eV exhibits an
increasing substantial error bar on the energy axis. On
the other hand, the interesting energy range of the spec-
tra presented. in the following lies between 0 and 100 eV,
where the accuracy of the measured energies is very good.
The error of the SNMS signal is basically of statistical
nature. By increasing the number of summed spectra
(1000 per data point in this measurement) the statistics
can be improved; on the other hand, keeping well-defined
surface conditions over a long time period is difIicult.

The measured TOF distribution of atoms sputtered in
the states of the ground-state configuration a E states
is shown in Fig. 2. The main result which can be ob-
tained &om Fig. 2 is that the distributions are, within
the experimental error, identical for particles sputtered
in any of these levels. The TOF spectra in Fig. 2 are
in good agreement with the theoretical Thompson distri-
bution n(E) oc ~E/(U~ + E) +~, describing the particle

density. The best fit of the spectra was achieved with n
equal to 2 and for a surface binding energy Ub of 4.85 eV
in agreement with the tabulated heat of sublimation of
Ti. Under good agreement we understand that the Monte
Carlo-simulated distribution is within the statistical error
of the measurement identical with the measured distribu-
tion. In particular, the maximum and high-energy falloK
of the distribution must be reproduced by the simulation.
These results are also in agreement with LIF measure-
ments reported previously. Measurements of the veloc-
ity distribution, which we performed using laser radiation
in the wavelength regime around 360 nm, yielded identi-
cal results. This is quite important, as it proves that the
velocity distribution is not influenced by the excitation
(ionization) process. Information about the population
of the individual states, however, is much more reliable
for the 290 nm regime because correlation between a mea-
sured resonant signal and a specific excited state of the
sputtered atom can be much more easily achieved.

B. Nickel

Investigations of sputtered excited Ni atoms oKer an
interesting additional feature. Beside the ground-state
multiplet a E, a second electronic multiplet a D exists
with the following characteristics: (a) The lowest multi-
plet state lies 0.025 eV above the Ni ground state and (b)
it has a diKerent electronic configuration than the ground
state. The atomic energy levels ' of these two multi-
plet configurations of Ni, both being triplets, are listed in
Table II. The excited a D triplet is characterized by one
outer s electron, the ground-state configuration a E by
two outer s electrons. Following the arguments of Wino-
grad, a difFerent behavior with respect to deexcitation
processes of the Ni atoms at the surface can be expected
from the diKerent valence electron configurations.
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FIG. 2. TOF distribution of
Ti atoms sputtered in
the ground-state configuration
a F: The distributions are,
within the experimental er-
ror, identical for Ti atoms
sputtered in any of the sub-
levels of the multiplet. The
TOF spectra are in good
agreement with the theoretical
Thompson density distribution
n(E) oc ~E/(Ui, + E)"+' The.
best fit of the spectra was ob-
tained with n = 2 and for a sur-
face binding energy Ub = 4.85
eV in agreement with the tabu-
lated heat of sublimation of Ti.

TABLE II. Ground-state configuration and first excited
configuration of Ni I.

Configuration
3d' 4s'

3d ( D)4s

Term

a I

a D

J
4
3
2

3
2
1

Level [cm ]

0.000
1332.15
2216.52

204.79
879.813
1713.08

The photoion signal of nickel was investigated in the
same wavelength range and under the same experimental
conditions as for the Ti measurements. Two wavelength
scans for Ni are shown in Figs. 3 and 4. Similar to the
situation for Ti, saturation of the photoion signal was
not achieved, with the one exception for the transition
a Ds (E; = 204.8 cm ) to y Dso at A = 300.248 nm.
In this case nearly 100% ionization efBciency could be
observed. As a consequence, the same conclusions as for
the Ti measurements have to be drawn with respect to
quantification of the population of the different sublevels
of the two multiplets. It should be pointed out that in
spite of the saturated ionization for the laser wavelength
A = 300.248 nm, the observed extremely high photoion
signal could be a consequence of a relatively high popu-
lation of atoms sputtered in the excited a D3 state.

In contrast to the titanium resonant photoion signal,
a very high nonresonant background was observed in
the entire wavelength range investigated. This nonres-
onant signal amounts to approximately 2% of the max-
imal resonant signal at A = 300.248 nm. From previ-
ous investigations, ' we have strong evidence that this
nonresonant atom signal is caused predominantly by pos-
itively charged atoms, which originate from laser-induced
dissociation of clusters. The origin of the signal due to
clusters is easily determined from the velocity distribu-

tion, which is shifted to lower cluster velocities. The en-
ergy distribution of clusters, Aiv (consisting of W atoms
A), peaks approximately at the same energy as the distri-
bution for atoms, A, but the velocity distribution peaks
(in accordance with the higher mass) at lower velocities.
If, e.g. , Ni2 dimers dissociate in the laser beam into posi-
tive charged atoms Ni+, the signal in the atom channel is
enhanced by these fragments, but the velocity distribu-
tion of these artifacts still exhibits the dimer velocity dis-
tribution. Since the cluster yield of nickel, in particular
the dimer yield, is much higher than the one for titanium,
the effect is much more pronounced in this case. ' Fur-
thermore, dissociation of Ni dimers can be achieved by
single-photon absorption in the wavelength range around
290 nm.

In Fig. 5 the 1/v distribution of sputtered Ni atoms
in the excited a D3 is shown. Comparison with the the-
ory (the procedure including the experimental parame-
ters described earlier in this paper has been used) again
demonstrates the excellent agreement with a Thompson
distribution (n = 2 and Us = 4.44 ev). The RIS signal
of the level a D3 at A = 300.248 nm is somehow an ex-
ception among the other states shown in Fig. 3, because
the nonresonant contribution amounts to only 2% of the
resonant signal in this case. As a consequence, the veloc-
ity distribution can be regarded as representative for the
atoms in this state.

As far as the velocity distribution of atoms in the
ground-state and other multiplet levels are concerned,
the signal at the respective resonant wavelength consists
of a resonant (characteristic for the specific state) and a
substantial nonresonant contribution. As we have shown
previously, the nonresonant signal itself arises &om
nonresonant ionization of Ni atoms in the various states
and from fragmentation of clusters. Therefore, the ve-
locity distributions have to be treated with caution if
the nonresonant contribution is high. Indeed, we observe
(see Fig. 6) a shift and broadening of the velocity distri-
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nal as a function of the
post-ionizing laser wavelength
(A = 298.8—300.4 nm): Satu-
ration of the photoion signal
was only achieved for the tran-
sition a L)s (E, = 204.8 cm )
to y D3 at A = 300.248 nm.
Generally, we find stronger sig-
nals for the a D3 state than
for the ground-state a I'4, re-
gardless of the intermediate res-
onance level.
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butions (to lower velocities) in all cases, where a substan-
tial nonresonant contribution is observed. In Fig. 6 the
distribution for atoms in the a D2 state (the same is also
valid for atoms in the ground state a I"4) is shown. In
addition, the velocity distribution obtained with purely
nonresonant ionization at an off-resonance wavelength of

298 nm is shown in Fig. 6. This nonresonant distribution
is also observed at any off-resonance wavelength in Figs. 3
and 4. The trend in the velocity distributions caused by
the nonresonant contribution is evident and can be un-
derstood by the inHuence of clusters. The nonresonant Ni
atom distribution in Fig. 6 would rather agree with the
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FIG. 4. Ni photoion signal as a function of the post-ionizing laser wavelength (A = 298.0—298.5 nm): In contrast to the
titanium measurements, a very high nonresonant background was observed in the entire wavelength range investigated. At a
wavelength of 298.16 nm the resonant contribution from the transition a D2;y Dz amounts to only about 50% of the total
signal. Por the other resonant transitions a P4 yDs (298.41 nm) or-a Pq-y Il's (299.11 nm) the "signal-to-noise" ratio is

even worse. The problem cannot be improved by increasing the laser power, since the saturation of the resonant contribution
would be accompanied by an enhanced nonresonant signal.
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FIG. 5. 1/v distribution of
sputtered Ni atoms in the
excited state a D3. The
1/v distribution of Ni atoms
in the electronic state a D3
(R,=204.8 cm ) was deter-
mined by resonant ionization
of Ni atoms via the intermedi-
ate state y D3 with the tran-
sition wavelength A = 300.248
nm. Excellent agreement with
a Thompson distribution ex-
pected for ground-state atoms
was observed (fit parameters
n = 2 and Ui, = 4 44 eV).

expected Nil distribution. In the last two years, measure-
ments of energy distributions of sputtered metal clusters
by nonresonant laser post-ionization ~ ' have been
attempted successfully. These investigations have also
shown that experimental results can be afFected by the
infiuence of cluster dissociation.

In principle we have observed all allowed transitions
from the two terms a F and a D in the considered wave-
length range, but most of the RIS peaks are weak. The
situation is best seen in Fig. 4, for a resonant wavelength
of 298.16 nm the resonant contribution &om the tran-
sition a D2-y Dz is about 50'Fo of the total photoion

I I I i i i i I i I i I i i I

dN/dt [non-resonant]

=879.8 1/cm]

C5
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FIG. 6. 1/v distribution of sputtered Ni atoms in the excited state a D2 and TOF (1/v) distribution of Ni atoms from

nonresonant laser radiation: The 1/v distribution for atoms in the a D2 (E; = 879.8 cm ) was determined by resonant

ionization via the intermediate state y D~ with the wavelength A = 298.&6 nm. In addition, the velocity distnbution obtained

by purely nonresonant ionization at an ofF-resonance wavelength of 298 nm is shown. The dashed and the solid lines are best
fits through the data points to guide the eye. The trend in the velocity distributions caused by the nonresonant contribution
is evident and can be understood by the inBuence of clusters.



8786 G. NICOLUSSI, W. HUSINSKY, D. GRUBER, AND G. BETZ

signal. For the other resonant transitions a E4-y D3
(298.41 nm) or o, sE2-y iFso (299.11 nm) the "signal-to-
noise" ratio is even worse. The situation should not im-
prove by increasing the laser power, because the satura-
tion of the resonant contribution would also be accom-
panied by an enhanced nonresonant signal.

Detection of atoms sputtered in higher metastable ex-
cited states (in the eV range) is a difficult task, since
they are generally very weakly populated. The nonres-
onant contribution to the photoion signal makes such
an analysis almost impossible. The population of these
states is expected to be lower by several orders of magni-
tude as compared to the ground state or very low excited
states. ' ' ' Since the nonresonant contribution arises
from all populated states, even a very low nonresonant
cross section will cause the resonant signal of these high
excited states to be buried in noise.

However, one approach seems promising to avoid these
inherent problems. We have tried to detect and identify
high excited states by choosing a wavelength (A 580
nm, intensity 10 W/cm ) which makes ionization of
atoms in states below approximately 3.3 eV by two or
one photon impossible. Only atoms in higher-lying lev-
els could be ionized by two photons. However, there
still remains the problem of cluster dissociation, espe-
cially the Ni dimer. Morse reports a predissociation
limit for Ni2 of 16680 + 10 cm which corresponds to
Dp = 2.068 + 0.01 eV. If we tune the laser to the corre-
sponding wavelength of 599.5 nm, we have, indeed, ob-
served an enhanced Ni photoion signal, which can be at-
tributed to dissociation of Ni2.

On the other hand, for a wavelength of 580 nm we do
observe only a very weak signal. It is well established
that a strong increase of the yield of sputtered atoms in
excited metastable states is observed for sputtering
from oxidized. metal surfaces. This is true, even though
the total atom sputter yield is decreased by the presence
of oxygen on the surface. For an oxygen partial pressure
of about 5 x 10 mbar, the photoion signal using 580
nm laser radiation increased significantly, indicating that
the signal, indeed, originates &om atoms in highly excited
states above 3.3 eV, which can be ionized with two 580
nm photons.

The relative magnitude of this signal to the satu-
rated. a D~ signal at A = 300.248 nm is approximately
10 . However, a second origin for this Ni signal is laser-
induced &agmentation of NiO into Ni+. Since the disso-
ciation energy for NiO is Dp ——3.96 eV, a nonresonant
two-photon absorption is required. Due to its low prob-
ability, this process should play only a minor role.

IV. DISCUSSION AND CONCLUSION

A general statement concerning experiments with
atoms in excited states, in particular in low-energetic
metastable ones, during sputtering is necessary at this
point. The population of these low-lying metastable
states is evidently infIuenced by cascading &om higher-
lying states with allowed dipole transitions to these
metastable levels. The energetically lowest-lying levels

which can feed the ground-state configuration of Ti are
above 2 eV excitation energy and above 3 eV for the
metastable Ni states investigated. In general, it is as-
sumed that the overall population of sputtered atoms
with electronic excitations in the eV range is far below
the percent range. Under this assumption the inHuence
of cascading to the measured data obtained in this paper
should be rather minimal. However, recently a relative
high population of a specific excited state during sputter-
ing of Ag has been reported. If similar populations of
high excited states should prove to be of a general nature,
cascading might severely inHuence measurements similar
to the ones presented here.

The possible inHuence of the ion-beam-induced surface
damage on the results is not fully clear at this stage. A
very rough surface would lead to undefined impact and
emission angles. As a consequence, the deexcitation pro-
cesses between the sputtered atom and the surface may
be affected. Remaining uncertainties could be cleared
by future experiments comparing (at otherwise identical
parameters) results for single-crystal and polycrystalline
targets. On the other hand, many of the results published
so far have been performed on polycrystalline targets and
thus suffer from the same problem.

Information about the primary excitation mechanism
should appear in the population of the different states.
Previous measurements of the population of excited
states have shown a decreasing abundance with the
excitation energy of the level. In some cases mea-
sured relative populations as a function of the excitation
energy ' ' ' could be fitted with Boltzmann-like dis-
tributions and a characteristic fit "temperature. " More-
over, it was found that for Fe this exponential behav-
ior is only valid within one electronic configuration and
different fit temperatures have been found for different
configurations. ~2

In the RIS measurements presented here, the signal of
atoms in a specific electronic state is proportional to the
population of this state, but also proportional to the ion-
ization efIiciency. If the resonant ionization is saturated
for different initial states, the relative signals should be
equal to the relative population of these initial states.
Unfortunately, the exact value of the ionization efIiciency
is unknown. From the laser power dependence of the RIS
peaks we can roughly make an estimate of the "satura-
tion signal. " As a consequence of the facts outlined above
(e.g. , difFerent transition probabilities of resonant excita-
tions, variation of laser power due to laser dye, and &e-
quency doubler efficiency) the ionization efficiency varies
approximately within one order of magnitude. Taking
into account the known oscillator strengths of the tran-
sitions, we can conclude &om the measurements that all
investigated levels for Ti and Ni with excitation energies
below 0.1 eV are populated after the sputtering process
within the same order of magnitude.

One interesting feature is that for Ni the highest RIS
signal was observed (at the resonance wavelength of
A = 300.248 nm) for atoms sputtered in the state a Ds
with an excitation energy E,. = 204.8 cm . Gener-
ally, we find stronger signals for the a Ds state than
for the ground state a F4, regardless of the intermedi-
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ate resonance level used. Even though the RIS signal for
the transition wavelength A = 300.248 nm was the only
one in the Ni multiplet for which saturation of the post-
ionization could be achieved, we cannot exclude the pos-
sibility that the Ni ground-state a F4, from which the
used resonant transition a E4-y D3 has a much lower

(by a factor 50) oscillator strength, is less populated than
the metastable state a Dq.

If one compares the data presented here with other
measurements, it should be taken into account that the
population of excited levels will depend on the primary
ion energy, the angle of incidence, and the ion species.
Only a few investigations have been done with respect
to the dependence on ion energy. If we assume that gas
phase collisions of atoms at a short distance above the
surface are an important excitation mechanism, this pro-
cess should depend strongly on the sputter yield and, as
a consequence, on the primary ion energy. In some cases
the sputter yield for excited atoms was found to be pro-
portional to the total atom sputter yield as a function
of the primary ion energy. Therefore, the relative pop-
ulation with respect to the ground state remains almost
unchanged. Andersen et aL have found this behavior
for Au, Cu, and Zn; in contrast, for Ga atoms irregular-
ities have been observed. The dependence of the yield
of excited atoms on the angle of incidence can be quite
strong for very oblique incidence, as has been observed
for Al, Cu, and Ni. Finally, the primary ion dose can
play a role, because the sputter-induced surface rough-
ness for high total doses leads to undefined impact and
emission angles.

One of the basic questions in sputtering of excited
states is the importance of the electronic con6guration
concerning the excitation and deexcitation processes. Is
it possible to draw conclusions with general validity &om
the behavior of the Ti and Ni atoms sputtered in difer-
ent electronic configurations? It has been argued that
the relaxation times of collisional excited atoms depend
rather on the electronic con6guration than on the exci-
tation energy. The concept of excitations (of valence-
electronic states) during the collision cascade has to be
regarded with some care, as outlined in the Introduction.
Therefore, a physical description is problematic. Wino-
grad and co-workers characterized a collisional excitation
in his MD simulations by a critical distance r&h between
two atoms in the collision cascade. ' Whenever the ap-
proach of two atoms during a collision is closer than this
threshold radius rqh, the speci6c state is assumed to be
excited. In addition, a relaxation time of the excited state
has to be introduced for describing the entire process.

However, simulations of the excitation-deexcitation
processes in the cascade poses a challenge. Finding
proper criteria for a specific excitation mechanism (with
defined excitation energies) is a diKcult and debatable
task. If we consider collisional excitation in the cascade,
various electronic states can be involved in the excita-
tion and deexcitation processes. The MD simulations
performed so far deal only with two possible states, with
the ground state and one excited state. This restriction
to only two possible states is a strong simplification.

It should also be mentioned in this context that exper-

imental measurements as well as MD simulations have
shown that for impact energies in the keV range the ma-
jority of the sputtered flux originates from the first and
second atomic layers. Therefore, only the very last colli-
sion in the cascade sequence seems to be relevant for the
electronic state of an atom immediately before leaving
the surface.

However, we would like to point out that the exper-
imental finding does not necessarily mean that excita-
tions have to originate from the collision cascade. Other
excitation mechanisms can lead to similar population
distributions. Gas phase collisions of emitted particles
above the surface can be treated in analogy to colli-
sions in the cascade, but with diferent survival times.
The bond-breaking model could also explain the exis-
tence of excited sputtered atoms and could explain the
measured population distributions. However, the bond-
breaking mechanism is not reasonable for clean (oxygen-
&ee?) metals and should gain iinportance for increas-
ingly oxidized surfaces. The behavior under oxygen ex-
posure for the low-lying Ti and Ni metastable states
investigated rather implies a mechanism diferent from
the bond-breaking case. On the other hand, prelimi-
nary measurements of higher excited metastable Ni states
could be explained by this mechanism.

What can we now learn from the Ti and Ni measure-
ments with respect to the deexcitation mechanism of ex-
cited atoms at the surface? A general conclusion can
be drawn from the measured TOF (1/v) distributions
(Figs. 2, 5, 6) of atoms sputtered from polycrystalline Ti
and Ni targets in excited metastable states with energies
E; below approximately 0.1 eV: The TOF (1/v) distribu-
tion in all cases is identical to the distribution of atoms
leaving the surface in the electronic ground state, which
itself follows the theoretical Thompson distribution. The
essential fit parameter of this distribution coincides with
the heat of sublimation of the metal and the distribu-
tion shows a characteristic E 2 fallofF for high emission
energies.

Similar results have been obtained from LIF measure-
ments of the velocity distribution of sputtered atoms in
low-lying metastable states of Zr atoms belonging to the
ground-state multiplet. LIF measurements of the ve-
locity distribution of atoms sputtered in higher excited
states showed a shift to higher velocities and broadening
of the distribution. ' On the other hand, recent mea-
surements using laser post-ionization ' imply shifts in
the velocity distribution for atoms sputtered in low-lying
metastable states belonging to the ground-state multi-
plet. This contradiction to our measurements cannot be
explained adequately at this moment.

Hence, from our measurements no influence of the elec-
tronic configuration (angular momentum) or the excita-
tion energy can be derived in the range of low excitation
energies (( 0.1 eV). This implies that either for particles
in low-energetic excitation states deexcitation processes
at the surface are of no relevance or that the excitation
happens after the surface-atom interaction due to overlap
of the wave functions.

The situation for highly excited states might be dif-
ferent. We have mentioned above that the analysis of
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high excited (and weakly populated) secondary neutrals
with one-color two-photon post-ionization can be com-
plicated by the inBuence of nonresonant ionization of
higher populated states. Also contributions from laser-
induced cluster dissociation can play a role for the atom
signal. As a consequence, resonant signals much weaker
than the nonresonant background cannot be identified.
To avoid these diKculties measurements of highly excited
metastable states should be performed with less energetic
wavelengths, which do not produce significant nonreso-
nant contributions. This can be achieved for example by
operating in wavelength regimes where two-photon ion-
ization from the ground-state multiplet is not possible;
presently such experiments are in preparation. Prelim-

inary results indicate differences in the behavior of the
population, in particular with respect to surface oxida-
tion, of excited sputtered particles.
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