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Formation of excited Ag atoms in sputtering of silver
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A model is presented for the formation of excited*Ag4d®5s?) atoms during sputtering of Ag metal by
energetic At ions. The essential part of the formation process is the slow diffusion diodes in the collision
cascade from the sites of violent Ag-Ag collisions to the emitted Ag atoms. A computer simulation of Ag
cascades and of thed4hole transport allows us to quantify the model and to describe all characteristic features
of the available experimental data, in particular the fact that the sputtereditdgns exhibit a narrower kinetic
energy distribution than those ejected in the electronic ground state.
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I. INTRODUCTION citation probability decreases as the kinetic energy of sput-
tered silver atoms increases. In addition, the excitation prob-
When an atomic patrticle collides with a solid surface, theability is independent of the emission angle. It should be
incident particle can scatter from the surface by either singlstressed that these features are not unique for Ag, but have
or multiple binary elastic collisions, or the projectile impact been observed in Cu and othmetals’ as well. Ag, how-
can generate a cascade of quasielastic collisions in the neaver, has a higher excitation energ§(s, at 3.75 eV and
surface region that leads to the ejection of surface atoms intéD, at 4.3 eVf so that the narrowing of the Agkinetic
the gas phaseésputtering. In principle, inelastic processes energy distribution and the high excitation probability are
that alter the excitation or ionization states of the backscatparticularly striking.
tered projectile and sputtered particles accompany all of Previous attempt&!! to explain the experimental data
these collisions. For scattering, an analysis in terms of onewere based on two-step models describing the formation of
electron transfer often provides a sufficient description ofexcited neutrals as a combination of the emission of an ionic
charge and excited state formation of the emitted particiés. precursor, produced by various excitation mechanisms, fol-
For sputtering, however, multiple electronic excitations andowed by its resonant neutralization above the surface. In
their transfer in the cascade may significantly influence thehese models, the final energy distribution of excited atoms,
charge and excitation states of the emitted atdfisal-  and thus the narrowing of that distribution, is ascribed to the
though the experimental evidence is not yet conclusive.  surface neutralization process. It is difficult, however, to find
In this paper, we analyze experimental results on excite@ physically acceptable, angular independent neutralization
silver atoms Ag sputtered from clean silver surfaces by process based on resonant electron tratfstaat correctly
impact of energeti¢>3 keV) Ar" ions. We chose this sys- describes the experimental results.
tem because the experiments, based on laser postionization In contrast, we present a model of excited atom emission
secondary neutral mass spectroscbpygive precise infor- that does not use the concept of surface excitation and neu-
mation on the energies and intensities of both neutratralization. It is instead assumed thhholes are created by
ground-state and excited-state sputtered silver atoms. Thenergetic collisions at the beginning of the cascade, and that
relatively simple electronic structure of silver, with only two they are immediately screened by conduction electrons, thus
relevant excited states, facilitates the comparison with thecforming excited atoms. The excitations propagate through
retical models and the analysis provides quantitative inforthe solid, and are then transferred to an atom as it is sputtered
mation on electronic processes in cascades. The most salidnbm the surface, forming neutral excited AgBy computer
features of the experimental results, which must be explainedimulation of Ag collision cascades, and by the fitting of
by any realistic model, are the high probability with which calculated and observed Ag and Agnergy distributions,
excited atoms are emitte@bout 0.1-1 % of the total flux we obtain quantitative information on thiehole transport.
and the observation that the Ag(4d®°5s?, 2Ds,, and  Our model provides a physical understanding of the major
2Dy, kinetic energy distribution is narrower than that of Ag features of the experiments, and the results are in good nu-
atoms emitted in the ground stated™, 2S,,,), i.e., the ex- merical agreement with the experimental data.
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Il. COMPUTER SIMULATIONS much longer temporal and spatial scales. Note that we do not

The simulation of cascades was carried out on an H ake into account any possible influence of electron promo-
Kstati J7(')00 . Mol WI D \ed ou d .. tion excitations on the particle trajectories because the en-
workstation using a Molecular Dynamics code ongl-g gy |nosses are smalhbout 4 eV compared to the particle

nally developed by Garrison and co-workers. The basics Ofinetic energies involved in such collisiofis 270 e\V).
these calculations have been described in great detail
earlier’>='®and therefore only the parameters and modifica-
tions relevant to the present work will be mentioned here. In
short, the motion of all target atoms is followed simulta-
neously by numerically solving the classical Newton equa- Ag* may be produced during the rapid passage of a Ag
tions of motion with electronic energy loss included as aatom through the surface region. According to the theory of
friction mechanism using the Lindhard formali¢fiThe Ag  nonadiabatic transitions, the probability for excitatiBnis
solid is modeled by a fcc crystallite containing ®22x 6 approximately given by

atoms with an unreconstruct¢@01) surface. It was tested

that the use of larger crystallites does not significantly

change the results. The interatomic Ag-Ag interaction was —AE
described using the MD/MC corrected effective medium po- Pexc=AeX Bhyv)’
tential developed by Kelchneet al,'” and free boundary

conditions were applied to all sides of the crystallite. ThewhereA andB are constants of the order of one, with their
bombarding projectile is represented by a 3-keV Ar atomprecise values dependent upon the electronic structure of the
moving along the surface normal and hitting the crystallite asystem.AE is the separation between the ground and the
different surface location€impact points”). The Ar-Ag in-  excited statesy is the velocity of the emitted atom perpen-
teraction was describped by a purely repulsive Molieredicular to the surface, angis the inverse value of the char-
potential’® In order to obtain averaged quantities with suffi- acteristic interaction distance of the system. Using typical
cient statistics, a total of 20 000 individual cascatfésjec-  values of A=B=1, AE=3.75¢eV, y=2A"1, and v=3
tories”) were simulated using different impact points that X 10° cm/s(corresponding to an emitted Ag atom with 5 eV
were uniformly distributed within an irreducible triangular of kinetic energy, a value ofPg,=3x10 **is obtained.

zone located in the center of tli@01) surface. TargetAg) Much larger excitation probabilities than the values pre-
atoms that are set in motion are counted as sputtered if thegicted by Eq.(1) are expected at higher Ag kinetic energies,
move in a direction away from the surface and cross a planbowever, when promotion of electrons from deeper levels
situatel 7 A above and parallel to the surface. Note that thiscan take place during a close collisi#f?°If the 4d level of
distance is matched to the cutting distance of the Ag-Aga Ag atom is promoted to an energy above the Fermi level,
interaction potential used. Since the surface can be heavilihe electron may escape, leading to a semilocalizbdle?®
deformed in the course of the cascade, it is checked at th&ccording to a calculatedb initio correlation diagram for
end of the simulation that no residual interaction with otherthe Ag-Ag interactiort? such a promotion of semilocalized
crystallite atoms is detected. 4d levels can occur when the internuclear separation is be-

To simulate the excitation we assume, in the spirit of thelow a critical distance oR,=1.2 A, which is attained during
preceding discussion, that @l 4acancy is created with unit a collision in which the center-of-mass energy is above 135
probability in the course of the collision cascade wheneveeV. Thus, if a Ag atom in the cascade hits a surface Ag atom
the interatomic distance between two target atoms becomesiginally at rest from below with a kinetic energy of 270 eV
smaller than a critical distand®.. In that sense, the colli- or higher, the surface atom can be sputtered into th4
sional excitation process is treated in the same way as hasxcited state with a high probability. In this scenario, how-
been employed earlié?-??For the case of Ag-Ag collisions, ever, the excited atoms would be preferentially ejected with a
R. was taken as 1.2 AFor collisions between Ar and Ag, on relatively high kinetic energy, which is at variance with the
the other handR,; must be significantly smaller, thus leading experiment. To explain why most of the sputtered* Agoms
to a relatively high center-of-mass energy threshold of abouhave kinetic energies below 5 &\the excitation must be
1400 eV for ad-hole generating collisio® We therefore transferred from the sites of violent Ag-Ag collisions to the
neglect the contribution of Ar-Ag collisions to the excitation surface emission sites. A relatively slow transport af 4
mechanism, as the critical collision energies are one order dfoles in the cascade is the essential feature of the model that
magnitude higher than for Ag-Ag. has been incorporated into these computer simulations.

In order to examine the localization behavior of the result- To determine the number of excited atoms initially pro-
ing excitation, it is assumed that tldehole is created with a duced by deep level promotion, we calculated the number of
delta shaped probability function peaked at the pojrand  collisions withR,<1.2 A per unit time(fs), averaged over
the timet; when the excitation criterion is fulfilled, where 20000 collisions. The result is shown in Fig. 1 by the full
refers to the coordinates of one of the colliding atoms. Wdine. For the transfer of the excitation from the cascade to the
would like to stress that, although the actual excitation prosputtered atom it is essential to define the titgeand the
cess in violent collisions is more complex, it is highly local- positionr, when the sputtered particle no longer electroni-
ized in space and time. Thus, the delta function approximaeally interacts with the substrate atoms. Because the physics
tion is sufficient in this case as the transfer processes hawa the hole transfer is not elaborated in detail, the distance

Ill. RESULTS AND DISCUSSION
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6 : : : ; ; 6 criterion of a critical diffusion constant separating the appli-
cability of both approaches, we compared the average diffu-
sion velocity ofd holes to the average velocity of moving
atoms in the cascade. Even for the smallest diffusion con-
stant used in our model, both velocities are of the same order,

_3">§ and thus the diffusion approximation should still be appli-
- cable. This approximation also reduces the number of free
12 parameters to the diffusion constabtand the lifetimer,
thereby greatly simplifying the mathematical treatment.
1! The source term on the right side of Eg) is a sum ofé
T functions at the positions and the timeg; of violent colli-
500 600 sions. To further simplify the solution we assume that the

lifetime of the holer, is longer than the time needed for the
FIG. 1. The calculated numbels of Ag atoms sputtered from hole to be transported from the excitation spot to the emis-

Ag metal per unit timefs) under the impact of 3-keV Arions as ~ Sion spot(i.e., several hundred JisIf this assumption is not

a function of ejection time. The timie=0 corresponds to the initial fulfilled and the value ofr, would be comparable to the

Ar™ impact, andt represents the time when the sputtered particledwelling time at individual atoms, its characteristic features

has just separated from other atoms by 3 A. The numbers are avefyould still be the same, although the excitation probability

aged over 20000 cascades. The dotted, dashed, and dash-dofigfi pe lower. We should also stress that HE) describes

lines correspond to atoms with kine.tic energies i_n the 0.4-4, 10_0n|y the space-time development ofl-4hole excitations,
15, and 80-100 eV ranges, respectively. The solid line denotes t

h e o .
number of collision events per unit timés) with minimum colli- Since the diffusion constant of excitations in thep band

, i may be very different.
sion distances smaller than 1.2 A For each collision cascade, the number of sputtered atoms
with kinetic energies betwee and E + SE was calculated,
here 6E is 0.4 eV andE varied from 0 to 100 eV. Also

alculated were the time, of the emission and the location

between two atoms that definegis not precisely known. It
is reasonable to assume, however, that this distance is a

roximately twice th rbital radius, which in the presen . .
gaose ist:gotut %e'g e.l.‘:]g \t/)z;ﬁje:dolgsénd tC aret tﬁe?e?greet re on the surface from which the atom was emitted. More-
" e

calculated when the atom to be sputtered has just separatgaer’ in each cascade andt; was determined for all violent

by at least 3 A from any of the substrate atoms. Using thisCOIIiSionS WithR°<.1‘2 A. The gxcitation probability density
definition oft., we calculated, as shown in Fig. 1, the num- p(r.t) was determined numerically from E¢R). The prob-

ber of atoms sputtered per unit time with kinetic energies inability Pexc that the sputtered atom is excited is then equal to

the intervals of 0.4—4 e\(dotted ling, 10—-15 eV(dashed P(re.te) multiplied b_y the ""_‘0”?‘0 volum(_e. The number of
line), and 80—100 eVldash-dotted lingas a function of their  SPuttered A atoms in the kinetic energ(y)mterval be;q;velén
’ - ageg e 1 I -

ejection time. The important feature apparent from the grap@Nd E+ JE is the sum of probabilitie®c,., wherePey is
is the time lag between the generation of excitations in vio-alculated for each sputtered atorm this energy interval.
lent binary collisions and the emission of slower atoms. Ob-The final results were obtained by again averaging over
viously, the excitation can influence the state of slower sput20 000 cascades, and are presented in Fig. 2. For comparison,
tered atoms only if it stays localized in the cascade region fofn€ €nergy distribution calculated for sputtered ground state
a sufficiently long time. atoms is also included in the figure. Note that these distribu-

The time-space development of the excitations in the cadions are normalized to 1 at the maximum.
cade is described as a relatively slow diffusion process in The experimentally measured dlst_r|but|02ns of ground state
which the excitations spread from the site of the violent col-Ag atoms and of excited Agatoms in the“Dy, state are
lision to the surface emission sites. Such a process would @S0 shown in Fig. 2, and are indicated by black squares and

governed by the diffusion equation, open circles, respectivefyAs apparent from the figure, the
simulated distribution of ground state atoms is in good agree-

ap(r,t) ) p(r,t) ment with the experimentally observed one. The calculated
o - PVop(ny—— +2 S(t—t)a(r—r), energy distribution of excited Agatoms is shown for two
n ' 2 different values of the diffusion constant, namely
=0.002 cni/s (solid gray lin@ and D=1 cn?/s (dotted
wherep(r,t) is the density of the excitation probability at  line). It is clearly seen that foD =0.002 cni/s the energy
andt, defined as a continuous quantify, is the diffusion  distribution calculated for A is narrower than that of Ag,
constant, and, is the lifetime of thed holes. The use of the whereas the distribution calculated @r=1 cn¥/s is consid-
continuous excitation density is one of the possible approxierably broader than that of ground state atoms. This means
mations that can be used to treat the transpod bbles in  that the experimentally observed narrowing of the* Aen-
the solid. Another possible approximation would be to as-ergy distribution is at least qualitatively reproduced by the
cribe the holes to individual atoms and the transport to simulation if the lower value of the diffusion constant is
hopping process, which would certainly be appropriate in theapplied. The ratio of the absolute values of the calculated
limit of a very small diffusion constarid. As an approximate distributions of Ag and Ag at lowest kinetic energies is
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FIG. 2. Calculated and measured kinetic energy distributions of FIG. 3. Similar to Fig. 2, but the critical interatomic distance at
Ag atoms sputtered from Ag metal by 3-keV Abombardment. All  the surface was set to 5 fee the tejt The simulation was per-
distributions are averaged over 20 000 impacts, and normalized tiormed for a diffusion coefficienb = 0.002 crd/s.
equal peak heights. The dashed line marks the calculated intensity

of Ag atoms emitted in the ground stated™5s'); the solid and . . o
dotted lines correspond to the distributions of excited* Ag indicates that the transport of thel 40le excitation across

(4d%5s?) calculated with diffusion constant®=0.002 and 1 the coIIisiqn cascade region i; slower thgm one woulq predict
cni/s, respectively. The black squares and the open circles denoftom the width of the 4 band in bulk Ag?® We can estimate
the experimental data of ground state and excited atoms, respethe timeAt needed for the transfer of a hole from one atomic
tively, taken from Ref. 8. The critical interatomic distance for the site to the neighboring one from the relatibn= % (d?/At),
4d electron transfer was set equal to 3(dee the text whered is the average interatomic distance, which can be
assumed to be equal to the mean free path of the excitation.
15x10°° for D=0.002cnf/s and 3x10°° for D By substitutingd~3 A, the value ofAt is equal to approxi-
=1 cnf/s respectively. These ratios represent the theoreticghately 120 fs. On the other hand, from the width of th 4
value of the probability of A§ (*Ds,) formation during the  pand in silvefabout 2 eV(Ref. 26] the dwelling time of the
sputtering of silver with 3-keV At ions. The values are d hole at an atomic site in bulk Ag metal can be estimated to
orders of magnitude higher than the excitation probabilitybe around 1 fs. One of the possible reasons for the very low
predicted by nonadiabatic processes via 8g. The prob-  mobility of d excitations in the cascade is the strong tempo-
ability Pey=1.5x<10"% for D=0.002 cni/s is reasonably rary dynamic amorphization of the cascade region, which
close to the experimental value &,.=0.01% Hence, we may lead to the formation of localized states below the
conclude that the small value of the diffusion constant yieldsonduction band. In fact, photoemission measurements show
both the narrowing of the energy spectra and the correghat even in perfect bulk Ag sonestates in the Ag é band
order of magnitude of the excitation probability. can have a lifetime as long as 50%fsOther experiments
The agreement with experiment can be improved furthegsing ultrashort pulse pump-probe technidtésdicate that
by using smaller values @, but for smalleiD the numerical  the transport of thed holes in undisturbed metals can be
solution of Eq.(2) becomes more difficult and the calculated sjgnificantly slower than expected from simple band struc-
energy distributions are very noisy. We can, however, demture arguments. In this context it should be mentioned that in
onstrate the effect of a further reduction of the rate of elecionization of particles sputtered from metals, where the con-
tronic transport by increasing the interaction distance from Jjuctions-pelectrons rather thashelectrons play the decisive
to 5 A, which leads to a shift of the distributions in Fig. 1 to role, the excitations in the cascade region seem to be also

the right, i.e., to larget. In the simulation of the excitation of more localized than expected for a quasifree electronic
sputtered atoms, this has the same effect as if the interactiafysten?®

distance remained 3 A, but the propagation of the excitation

in the substrate slowed down by a decreasdofAn ap-

proximate estimate of how much yield3=0.001 cni/s. IV. CONCLUSIONS

The result of the simulation of the Agenergy distribution in

this case is shown in Fig. 3 and is found to be in good The model presented here consistently explains all of the

quantitative agreement with the experiment. The valuB,of characteristic features of excited Agtoms sputtered from

though rather small, must be finite. 85— 0, the concept of Ag metal by energetic At ions: (i) The narrow energy dis-

diffusion must be replaced by hopping from one atomic sitetribution of sputtered A atoms as compared to the energy

to another. In the limit oD =0, the excitations would be- distribution of sputtered ground state aton(i$) the rela-

come localized at the sites where #xcitations take place tively large probability of Ag formation, and(iii) the obser-

and the energy distribution of the sputtered *Agtoms  vation that the formation of Ag does not significantly de-

would be very broad. pend upon the exit angfeThe model is based on the
The small value oD deduced from the experimental data assumption that @ holes in Ag are formed by promotion
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