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Electronic Excitation during Sputtering of Silver Atoms
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The formation of metastable excited atoms during ion sputtering of polycrystalline silver was
investigated by resonant laser postionization and time-of-flight mass spectrometry. It is shown that
the metastabldd®5s22Ds, state with an excitation energy of 3.75 eV is populated with a surprisingly
high probability of several percent with respect to the ground state. The velocity distribution of the
metastable atoms is found to fall offiore steeplytowards high emission velocities than that of the
ground state atoms, thus indicating a new excitation mechanism of the sputtered silver atoms.

PACS numbers: 79.20.Rf

If an energetic ion hits a solid surface, particles mayion bombardment for several minutes in order to achieve
be released from the solid into the gas phase by atomisteady state surface conditions. The sputtered neutral par-
collisions (“sputtering”). Besides neutral atoms in theirticles were ionized by a laser beam directed closely above
respective ground state, the flux of these sputtered partand parallel to the sample surface and detected by a re-
cles generally contains a (usually small) fraction of atomdlectron type time-of-flight mass spectrometer. Details of
which are emitted either as ions or in electronically ex-the setup have been described elsewhere [6]. State se-
cited states. While the elastic collision processes caudective photoionization of the emitted atoms was achieved
ing the mere ejection of particles seem to be reasonablysing either one or two tunable dye lasers employing the
well understood, our knowledge about the details of thaonization schemes sketched in Fig. 1. The ground state
inelastic processes leading to the ionization and excitd4d'°5s(*S/,)] atoms were ionized by a resonance en-
tion of sputtered atoms is still far from being complete.hanced two color two photon absorption process involv-
This is particularly true for the case of metastable ex-ng aresonant transition to the intermedi&t8°5p(*Ps,)
cited states, where only a very limited amount of experstate by an excitation laser tuned to a wavelength of
imental data exist. A fairly recent review of this work 328.16 nm and a nonresonant transition to the ionization
is given in Ref. [1]. With regard to the elucidation of continuum by a second, frequency doubled ionization laser
physical mechanisms responsible for the formation of exeperated around ~ 272.2 nm. While the ionization laser
cited states in sputtering, the most obvious quantities tavas focused to a spot size of 20n (FWHM), the exci-
be determined experimentally are thetal fraction of  tation laser was slightly defocused in order to ensure op-
the excited atoms within the flux of sputtered particlestimum overlap of the two beams. Electronically excited
on one hand, and theirelocity distribution,on the other atoms in the first metastabli/®5s2(>Ds,) state of sil-
hand. While the former has been frequently interpretedrer were detected by means of a resonant single photon
in terms of Boltzmann-like population distributions in- transition to the autoionizindd®5s5p(®Ds,) state [7,8].
volving “temperatures” of the order of 1000 K [2], recent
measurements on sputtered excited Ni atoms [3—5] have

revealed a pronounced population inversion and, hence, L 1
indicate that this interpretation is at least questionable. As 100000 - = =
for the latter, two limiting cases seem to exist, where the 90000 |- _—
velocity distribution of the excited atoms is either identi- 80000 - ]
cal to or significantly broader than that of the respective - Agt 4d'0('s) < PUtCOnzAlion ]
C - 70000 |- 9 (s 40° 5s5p (Dg)

ground state atoms [1,2]. The physical interpretation of i — ]
this finding in terms of theoretical models describing the "'g 60000 =
excitation processes during sputtering is still under debate. S 50900 i
In this Letter, we report on an experimental study of > 40000 laser 2 ]
ground state and metastable Ag atoms sputtered from a g |
clean polycrystalline silver sample bombarded under 45 & 30000 - 4 55° (Dgp)
with a pulsed beam (duration &s) of 15 keV Ar' ions. 20000 |- ]
The beam current density during a pulse was L@0/cm? 10000 | laser 1 1
and, hence, low enough to ensure that all particle emis- ]
sion processes were caused by single ion impact events 0 -——4d"5s(*5,p) T

The experiments were carried out under ultrahigh vacuum

conditions (base pressuf®~® mbar). Prior to the ac- FiG. 1. Schematic diagram of relevant Ag atom energy levels
tual measurements the sample was sputter cleaned by @amd photoionization schemes.
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For this purpose, the excitation laser was blocked and thiirst case only metastable atoms could be detected, since
ionization laser was tuned to a wavelength of 272.27 nmno excited states are accessible from the ground state at
By comparing the measured positions and widths of sevthe wavelength of the ionizing laser. In the second case
eral spectral lines with available literature data, it can bemainly ground state atoms are detected with a small back-
unambiguously shown that the sharp resonance line olground of nonresonantly ionized metastables (which can
served at this wavelength originates from the ionization obe measured with blocked excitation laser and subtracted).
metastable atoms [7]. From the data displayed in Fig. 2, itis seen that both curves
In order to allow a quantitative discussion, it is of inter- do not show clear saturation plateaus in the regime of high
est to determine the relative population of the metastabl®,. This is due to the well-known fact that at high laser
state within the total flux of sputtered silver atoms. This,intensities more and more signal contributions from the
however, requires the quantitative determination of statevings of the spatial laser beam profile contribute to the
selective particle number densities which is often hammeasured signal, thus leading to an increase of the effective
pered by the—in general different—photoionization crossonization volume with increasing;. For the Gaussian
sections of atoms in different electronic states. This difbeam profiles employed here, the influence of this effect
ficulty can, in principle, be circumvented in two different can be included into the theoretically expected laser in-
ways. First, the ion signals measured for sputtered atontensity dependence of the photoion signals [9]. The solid
can be compared to those of thermally evaporated atomBnes depicted in Fig. 2 represent least-square fits of this
which can be assumed to exhibit a Boltzmann-like statelependence of the measured data, which contain the re-
distribution. This method, which has been successfullyspective saturation signal and ionization cross section as
employed to determine the population of low-lying excitedfit parameters. For ground state atoms, the intensity of the
states of sputtered Ni atoms [3,4], is not applicable here duexcitation laser was high enough to completely saturate the
to the high excitation energy of the investigated metastablexcitation process, and an effective saturation behavior ac-
state. Second, one can try to saturate the photoionizatiarording to a single photon ionization process was assumed.
process and thus eliminate the influence of different ionizaPetails as well as the theoretical background of the fitting
tion cross sections [5]. This route has been followed hereprocedure will be published elsewhere [10]. As a result,
Figure 2 shows the signal of ground state and metastablge find ratios of 0.06 and 4.6 between the saturation sig-
atoms as a function of the power dendity of the ionizing  nalsSy = pT and ionization cross sections of metastable
laser. The difference between the two curves is that for thand ground state atoms, respectively. Since the mass spec-
metastable state the excitation laser was blocked and theometer transmissioff is identical for Ag" ions created
ionization laser was tuned to the autoionization resonancéom ground and excited state neutral atoms, the first of
while for ground state atoms the ionization laser was dethese values represents the ratio between the number den-
tuned from the autoionization resonance and the excitatiosities p,, and p, of metastable and ground state atoms
laser was unblocked. This technique ensured that in thevithin the ionization region. The ratip,,/p, = 6% in-
dicates a relatively high population of the metastable state,
which appears to be surprising for the case of a clean metal
08 71T T T surface studied here. Assuming a Boltzmann-like popula-
tion distribution, the corresponding “population tempera-
] ture” of about 15000 K is about an order of magnitude
higher than similar parameters determined for lower-lying
7 metastable states of atoms sputtered from other clean metal
surfaces [2]. We therefore conclude that our present data
cannot be interpreted in terms of quasithermal excitation
models. This finding is consistent with a relatively large
body of experimental data collected on atoms sputtered in
short lived excited states (which, in contrast to the states
investigated here, can radiatively decay after their emis-
sion). Although also in this case the data were often an-
alyzed in terms of population temperatures, which were
typically of the order of several thousand K [11], it was
clearly demonstrated that the observed population distribu-
tion cannot be explained by local thermal equilibrium con-
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0 15 30 4 60 75 90 105 120 siderations [12,13]. For completeness, it should be added
at this point that the observation of relatively large popu-
pulse energy (uJ) lations of high-lying metastable states in sputtering has,

FIG. 2. Photoion signal measured for ground state ancin principle, been re;ported previously. ~As an example,
metastable Ag atoms sputtered from polycrystalline silver vave refer to the published work on sputtered Ca, Cr [14],
pulse energy of the ionizing laser. and Ti [15] atoms. These investigations, however, were
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performed under conditions where the surface was oxitions by
dized in order to enhance the metastable yield and there- 2
fore correspond to a significantly altered electronic surface f(E) =« S(t)* with E = % : @
structure as compared to the clean metal case studied here. 2t

A second subject of great interest concerns the veIocit@ere S(#) denotes the signal measured for a specific de-
distribution of the ejected excited atoms. In the presentdy timez andr denotes the distance between laser beam
work, this was measured by reducing the temporal puls@nd sample surface. lItis of note that Eq. (1) assumes that
width of the primary beam of Ar ions to 100 ns and in- the measured signals represent tienber densitpf the
troducing a variable time delay between the ion pulse angpPuttered neutral particles rather than tfeik. For the
the ionizing laser pulse. In addition, the laser beam wagocused lasers employed here, this condition is not nec-
backed off from the sample surface to a distance of 1.5 mrfgssarily fulfilled if the ionization is driven into saturation.
and the sensitive volume of the mass spectrometer was réhe energy distribution experiments were therefore con-
stricted in the direction along the laser beam. Thereforeducted far from saturation, i.e., with strongly attenuated
in contrast to the population determination where a relalaser beams. It can be shown that under these circum-
tively large fraction of the angular distribution of sputteredstances Eq. (1) holds for all laser focusing conditions [17].
particles was probed, in these experiments only sputteredigure 4 depicts the resulting flux kinetic energy distribu-
particles emitted into a small solid andle0.1 sr around tions of silver atoms sputtered in the ground or metastable
the surface normal with a certain selectable Ve|ocity arétate. It is seen that the distribution of metastable atoms
ionized and detected. By scanning the delay time, the vefalls off more steeply towards high emission energies than
locity distribution can be measured in a state selective marfloes that of ground state atoms. This finding is surprising,
ner. Figure 3 shows the resulting flight time distributionssince it appears to be at variance with all literature data on

for ground state and metastable excited Ag atoms ejecté@i€ energy distributions of sputtered metastable atoms pub-
along the surface normal. It is seen that the two distribulished to date. As mentioned above, these data show ei-

tions clearly differ. In order to ensure that the detectedher identical distributions for metastable and ground state
metastable atoms are not by chance created by laser iatoms or a significantlproadenedenergy distribution of
duced photofragmentation of sputtered silver dimers, théhe metastable atoms. This finding was interpreted by
signal of Ag* ions generated by nonresonant two pho-Winogradet al.[18] who proposed a qualitative deexci-
ton ionization of Ag has been included in the figure. The tation model taking into account the electronic structure of
distinct difference between the distributions measured fothe specific excited atom. In essence, this model is based
Ag," and the metastable atoms represents clear eviden&& the assumption that excited atoms, which are created,
that dimer fragmentation is not the source of the observefpr instance, by collisional excitation in the course of the
population of the metastable state, since otherwise the di€ollision cascade, are more or less efficiently deexcited due
tributions would have to be identical [16]. The flight time t0 electronic interaction with the surface on their path away
distributions can be converted to kinetic energy distribufrom the surface after sputtering. It is obvious that in this
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FIG. 3. Signal of sputtered positionized ground state and-IG. 4. Kinetic energy distribution of sputtered ground state
metastable Ag atoms and Agimers as a function of the delay and metastable silver atoms ejected along the surface normal.
time between sputter pulse and ionizing laser pulse. Solid line: theoretical prediction from linear cascade theory.
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picture the degree of deexcitation will decrease with in-electronic system of the surface during the collision cas-
creasing emission velocity, since the atom spends less tinwade initiating the emission of atoms in sputtering [20],
in the vicinity of the surface and has therefore less time tdowever, the assumption of the existence of such states
deexcite. As a consequence, deexcitation leads to an apray not be as unphysical as it seems. As a second possi-
parent broadening of the (normalized) energy distributiorbility, an outgoing ion, which—as a consequence of col-
measured for the excited atoms detected far away from thiésional excitation in the cascade—contains a hole irlits
surface. In several cases, this expected behavior has ishell, may be neutralized above the surface by a resonant
deed been observed. In other cases, no broadening widtectron capture in to thies state. This mechanism, which
respect to the ground state distribution is observed andlso explains the observed velocity dependence, would pre-
hence, efficient deexcitation is obviously prevented. Thalict an increasing yield of excited metastable ions (emitted
idea is that this is always the case if the electronic conin the 44°5s configuration) with increasing emission ve-
figuration of the departing excited atom exhibits a closedocity and could therefore in principle be checked in future
outer shell, which then screens the interaction with the surexperiments.
face. Clearly, the excited metastable silver atoms investi-
gated here would belong to that category, and therefore no
broadening would be expected. The fact that we observe
the oppositeeffect, however, cannot be explained by this
model. If we plot the spectral excitation probability, i.e., . . .
th rati of metastable and round sate popuiaton,vs he ) YL Y 1 Shuterng by Parice omuardment 1
emission energy, we obtain the results depicted in Fig. 5, 1991), pp. 91ff.
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