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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
investigated by resonant laser postionization and time-of-flight mass spectrometry. It is show
the metastable4d95s2 2D5y2 state with an excitation energy of 3.75 eV is populated with a surprisin
high probability of several percent with respect to the ground state. The velocity distribution o
metastable atoms is found to fall offmore steeplytowards high emission velocities than that of th
ground state atoms, thus indicating a new excitation mechanism of the sputtered silver atoms.
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If an energetic ion hits a solid surface, particles m
be released from the solid into the gas phase by ato
collisions (“sputtering”). Besides neutral atoms in the
respective ground state, the flux of these sputtered p
cles generally contains a (usually small) fraction of ato
which are emitted either as ions or in electronically e
cited states. While the elastic collision processes ca
ing the mere ejection of particles seem to be reasona
well understood, our knowledge about the details of
inelastic processes leading to the ionization and exc
tion of sputtered atoms is still far from being complet
This is particularly true for the case of metastable e
cited states, where only a very limited amount of exp
imental data exist. A fairly recent review of this wor
is given in Ref. [1]. With regard to the elucidation o
physical mechanisms responsible for the formation of
cited states in sputtering, the most obvious quantities
be determined experimentally are thetotal fraction of
the excited atoms within the flux of sputtered particle
on one hand, and theirvelocity distribution,on the other
hand. While the former has been frequently interpre
in terms of Boltzmann-like population distributions in
volving “temperatures” of the order of 1000 K [2], rece
measurements on sputtered excited Ni atoms [3–5] h
revealed a pronounced population inversion and, hen
indicate that this interpretation is at least questionable.
for the latter, two limiting cases seem to exist, where t
velocity distribution of the excited atoms is either iden
cal to or significantly broader than that of the respect
ground state atoms [1,2]. The physical interpretation
this finding in terms of theoretical models describing t
excitation processes during sputtering is still under deb

In this Letter, we report on an experimental study
ground state and metastable Ag atoms sputtered fro
clean polycrystalline silver sample bombarded under 4±

with a pulsed beam (duration 5ms) of 15 keV Ar1 ions.
The beam current density during a pulse was 100mAycm2

and, hence, low enough to ensure that all particle em
sion processes were caused by single ion impact eve
The experiments were carried out under ultrahigh vacu
conditions (base pressure1029 mbar). Prior to the ac-
tual measurements the sample was sputter cleaned b
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ion bombardment for several minutes in order to achie
steady state surface conditions. The sputtered neutral
ticles were ionized by a laser beam directed closely abo
and parallel to the sample surface and detected by a
flectron type time-of-flight mass spectrometer. Details
the setup have been described elsewhere [6]. State
lective photoionization of the emitted atoms was achiev
using either one or two tunable dye lasers employing t
ionization schemes sketched in Fig. 1. The ground st
f4d105ss2S1y2dg atoms were ionized by a resonance e
hanced two color two photon absorption process invo
ing a resonant transition to the intermediate4d105ps2P3y2d
state by an excitation laser tuned to a wavelength
328.16 nm and a nonresonant transition to the ionizat
continuum by a second, frequency doubled ionization la
operated aroundl , 272.2 nm. While the ionization laser
was focused to a spot size of 50mm (FWHM), the exci-
tation laser was slightly defocused in order to ensure o
timum overlap of the two beams. Electronically excite
atoms in the first metastable4d95s2s2D5y2d state of sil-
ver were detected by means of a resonant single pho
transition to the autoionizing4d95s5ps2D5y2d state [7,8].

FIG. 1. Schematic diagram of relevant Ag atom energy lev
and photoionization schemes.
© 1996 The American Physical Society 2181



VOLUME 76, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 18 MARCH 1996

t
m
e
b
o

r
b
is
ta
m
s
i

n
o
m
a
l

e
d
b
t
z
r

a

t

c
d
ti
t

n
v

nce
e at
se
ck-
an
d).
es

igh
r

he
he
tive

ct
in-
lid
his
re-
as

the
the
ac-
ed.

ng
lt,
ig-
le
pec-

of
den-
s

te,
etal
la-
a-
e
g
etal
ata
on
e
in

tes
is-
n-
re
s
bu-
n-
ed

u-
s,

le,
],
re
For this purpose, the excitation laser was blocked and
ionization laser was tuned to a wavelength of 272.27 n
By comparing the measured positions and widths of s
eral spectral lines with available literature data, it can
unambiguously shown that the sharp resonance line
served at this wavelength originates from the ionization
metastable atoms [7].

In order to allow a quantitative discussion, it is of inte
est to determine the relative population of the metasta
state within the total flux of sputtered silver atoms. Th
however, requires the quantitative determination of s
selective particle number densities which is often ha
pered by the—in general different—photoionization cro
sections of atoms in different electronic states. This d
ficulty can, in principle, be circumvented in two differe
ways. First, the ion signals measured for sputtered at
can be compared to those of thermally evaporated ato
which can be assumed to exhibit a Boltzmann-like st
distribution. This method, which has been successfu
employed to determine the population of low-lying excit
states of sputtered Ni atoms [3,4], is not applicable here
to the high excitation energy of the investigated metasta
state. Second, one can try to saturate the photoioniza
process and thus eliminate the influence of different ioni
tion cross sections [5]. This route has been followed he
Figure 2 shows the signal of ground state and metast
atoms as a function of the power densityPL of the ionizing
laser. The difference between the two curves is that for
metastable state the excitation laser was blocked and
ionization laser was tuned to the autoionization resonan
while for ground state atoms the ionization laser was
tuned from the autoionization resonance and the excita
laser was unblocked. This technique ensured that in

FIG. 2. Photoion signal measured for ground state a
metastable Ag atoms sputtered from polycrystalline silver
pulse energy of the ionizing laser.
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first case only metastable atoms could be detected, si
no excited states are accessible from the ground stat
the wavelength of the ionizing laser. In the second ca
mainly ground state atoms are detected with a small ba
ground of nonresonantly ionized metastables (which c
be measured with blocked excitation laser and subtracte
From the data displayed in Fig. 2, it is seen that both curv
do not show clear saturation plateaus in the regime of h
PL. This is due to the well-known fact that at high lase
intensities more and more signal contributions from t
wings of the spatial laser beam profile contribute to t
measured signal, thus leading to an increase of the effec
ionization volume with increasingPL. For the Gaussian
beam profiles employed here, the influence of this effe
can be included into the theoretically expected laser
tensity dependence of the photoion signals [9]. The so
lines depicted in Fig. 2 represent least-square fits of t
dependence of the measured data, which contain the
spective saturation signal and ionization cross section
fit parameters. For ground state atoms, the intensity of
excitation laser was high enough to completely saturate
excitation process, and an effective saturation behavior
cording to a single photon ionization process was assum
Details as well as the theoretical background of the fitti
procedure will be published elsewhere [10]. As a resu
we find ratios of 0.06 and 4.6 between the saturation s
nalsS0 ­ rT and ionization cross sections of metastab
and ground state atoms, respectively. Since the mass s
trometer transmissionT is identical for Ag1 ions created
from ground and excited state neutral atoms, the first
these values represents the ratio between the number
sities rm and rg of metastable and ground state atom
within the ionization region. The ratiormyrg > 6% in-
dicates a relatively high population of the metastable sta
which appears to be surprising for the case of a clean m
surface studied here. Assuming a Boltzmann-like popu
tion distribution, the corresponding “population temper
ture” of about 15 000 K is about an order of magnitud
higher than similar parameters determined for lower-lyin
metastable states of atoms sputtered from other clean m
surfaces [2]. We therefore conclude that our present d
cannot be interpreted in terms of quasithermal excitati
models. This finding is consistent with a relatively larg
body of experimental data collected on atoms sputtered
short lived excited states (which, in contrast to the sta
investigated here, can radiatively decay after their em
sion). Although also in this case the data were often a
alyzed in terms of population temperatures, which we
typically of the order of several thousand K [11], it wa
clearly demonstrated that the observed population distri
tion cannot be explained by local thermal equilibrium co
siderations [12,13]. For completeness, it should be add
at this point that the observation of relatively large pop
lations of high-lying metastable states in sputtering ha
in principle, been reported previously. As an examp
we refer to the published work on sputtered Ca, Cr [14
and Ti [15] atoms. These investigations, however, we
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performed under conditions where the surface was o
dized in order to enhance the metastable yield and th
fore correspond to a significantly altered electronic surf
structure as compared to the clean metal case studied

A second subject of great interest concerns the velo
distribution of the ejected excited atoms. In the pres
work, this was measured by reducing the temporal pu
width of the primary beam of Ar1 ions to 100 ns and in-
troducing a variable time delay between the ion pulse
the ionizing laser pulse. In addition, the laser beam w
backed off from the sample surface to a distance of 1.5
and the sensitive volume of the mass spectrometer wa
stricted in the direction along the laser beam. Therefo
in contrast to the population determination where a re
tively large fraction of the angular distribution of sputter
particles was probed, in these experiments only sputte
particles emitted into a small solid angles,0.1 srd around
the surface normal with a certain selectable velocity
ionized and detected. By scanning the delay time, the
locity distribution can be measured in a state selective m
ner. Figure 3 shows the resulting flight time distributio
for ground state and metastable excited Ag atoms eje
along the surface normal. It is seen that the two distri
tions clearly differ. In order to ensure that the detec
metastable atoms are not by chance created by lase
duced photofragmentation of sputtered silver dimers,
signal of Ag2

1 ions generated by nonresonant two ph
ton ionization of Ag2 has been included in the figure. Th
distinct difference between the distributions measured
Ag2

1 and the metastable atoms represents clear evid
that dimer fragmentation is not the source of the obser
population of the metastable state, since otherwise the
tributions would have to be identical [16]. The flight tim
distributions can be converted to kinetic energy distrib

FIG. 3. Signal of sputtered positionized ground state a
metastable Ag atoms and Ag2 dimers as a function of the dela
time between sputter pulse and ionizing laser pulse.
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fsEd ~ Sstdt2 with E ­
mr2

2t2 . (1)

Here Sstd denotes the signal measured for a specific d
lay time t andr denotes the distance between laser be
and sample surface. It is of note that Eq. (1) assumes
the measured signals represent thenumber densityof the
sputtered neutral particles rather than theirflux. For the
focused lasers employed here, this condition is not n
essarily fulfilled if the ionization is driven into saturation
The energy distribution experiments were therefore co
ducted far from saturation, i.e., with strongly attenuat
laser beams. It can be shown that under these circu
stances Eq. (1) holds for all laser focusing conditions [1
Figure 4 depicts the resulting flux kinetic energy distrib
tions of silver atoms sputtered in the ground or metasta
state. It is seen that the distribution of metastable ato
falls off more steeply towards high emission energies th
does that of ground state atoms. This finding is surprisi
since it appears to be at variance with all literature data
the energy distributions of sputtered metastable atoms p
lished to date. As mentioned above, these data show
ther identical distributions for metastable and ground st
atoms or a significantlybroadenedenergy distribution of
the metastable atoms. This finding was interpreted
Winogradet al. [18] who proposed a qualitative deexc
tation model taking into account the electronic structure
the specific excited atom. In essence, this model is ba
on the assumption that excited atoms, which are crea
for instance, by collisional excitation in the course of th
collision cascade, are more or less efficiently deexcited d
to electronic interaction with the surface on their path aw
from the surface after sputtering. It is obvious that in th

FIG. 4. Kinetic energy distribution of sputtered ground sta
and metastable silver atoms ejected along the surface nor
Solid line: theoretical prediction from linear cascade theory.
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picture the degree of deexcitation will decrease with
creasing emission velocity, since the atom spends less
in the vicinity of the surface and has therefore less time
deexcite. As a consequence, deexcitation leads to an
parent broadening of the (normalized) energy distribut
measured for the excited atoms detected far away from
surface. In several cases, this expected behavior ha
deed been observed. In other cases, no broadening
respect to the ground state distribution is observed a
hence, efficient deexcitation is obviously prevented. T
idea is that this is always the case if the electronic co
figuration of the departing excited atom exhibits a clos
outer shell, which then screens the interaction with the s
face. Clearly, the excited metastable silver atoms inve
gated here would belong to that category, and therefore
broadening would be expected. The fact that we obse
the oppositeeffect, however, cannot be explained by th
model. If we plot the spectral excitation probability, i.e
the ratio of metastable and ground state population, vs
emission energy, we obtain the results depicted in Fig
which show that at high energies the excitation probabi
decreases inversely proportional to the emission velo
[19]. This indicates that in the case studied here theexci-
tation mechanism rather than deexcitation depends on
time spent by the atom near the surface. On the mechan
behind this excitation process we can only speculate. O
possibility would be that the metastable state is created
resonant surface neutralization of a sputtered ion unde
multaneous excitation of ad electron. This process, which
is frequently observed in plasmas (where it is termed “
electronic recombination”), would in the special case
silver atoms require surface electrons originating from o
cupied states well above the Fermi level. Because of
strong atomic disorder and/or a significant heating of

FIG. 5. Spectral excitation probability, i.e., relative populatio
of metastable2D5y2 state with respect to the ground state
kinetic emission energy of sputtered Ag atoms.
2184
-
me
to
ap-
n
he
in-
ith
d,
e

n-
d
r-
ti-
no
ve
s
,
he
5,
ty
ity

he
sm
ne
by
si-

i-
f

c-
he
e

n
s

electronic system of the surface during the collision ca
cade initiating the emission of atoms in sputtering [20
however, the assumption of the existence of such sta
may not be as unphysical as it seems. As a second po
bility, an outgoing ion, which—as a consequence of co
lisional excitation in the cascade—contains a hole in itsd
shell, may be neutralized above the surface by a reson
electron capture in to the5s state. This mechanism, which
also explains the observed velocity dependence, would p
dict an increasing yield of excited metastable ions (emitt
in the 4d95s configuration) with increasing emission ve
locity and could therefore in principle be checked in futu
experiments.
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