Sputtering of Insulator Surfaces by Slow Highly
Charged lons: “Coulomb Explosion”
or Defect-Mediated Desorption ?

In recent studies on the impact of slow highly charged ions on insulator surfaces, a dra-
matic increase of the yields for sputtering and secondary ion emission with projectile
charge state has been observed for certain target species. We critically discuss the cur-
rently available experimental evidence in view of two competing models for the “potential
sputtering” process. The so-called “Coulomb explosion” model predicts potential sputter-
ing for any insulator surface, whereas a model involving defect-mediated desorption
explains why strong projectile charge state dependence of sputtering is exclusively found
for insulators with strong electron-phonon coupling.

Keywords: multicharged-ion surface interaction, hollow atoms, potential sputtering,
Coulomb explosion, electronic sputtering

1. INTRODUCTION

Highly charged ions (HCI) carry a considerable amount of potential
energy (e.g., 14 keV for bare Ar'8* 51 keV for Ne-like Xe***, 250 keV
for Ne-like Th3*), which can greatly exceed the projectile kinetic
energy in slow (hyperthermal) collisions with solid surfaces. Transfer of
such large potential energies to a very small surface area of, typically,
about 100 A? within a time of less than 100 fs corresponds to a power
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flux of = 10'* W/cm?, which may give rise to strong nonlinear processes
and other exotic phenomena such as, e.g., “hollow atom” formation.!
The projectile potential energy may be released via electronic excitation
of the target or ejection of electrons and X-rays, but also by removing
atoms and ions from the target surface. While the process of kinetically
induced sputtering is well established, ejection of target atoms and ions
due to potential sputtering of insulators (henceforth to be abbreviated
PSI) is still almost unexplored. Since PSI involves high sputter yields at
low impact energy and is not accompanied by strong radiation defects in
deeper target layers as is kinetically induced sputtering, it could become
of considerable technological relevance: Preferential removal of insulat-
ing layers (no PSI occurs for conductor surfaces, see Section 2) could be
the basis for novel cleaning procedures in the semiconductor industry
(e.g., soft sputtering of SiO, from Si-wafers). Other applications for
nanostructuring and characteristic surface modifications of insulators
are also conceivable. A more detailed understanding of mechanisms
responsible for the conversion of projectile potential energy in PSI proc-
esses is therefore highly desirable.

In Section 2, the relevant experimental evidence will be summarised;
in Section 3 two competing models for PSI (“Coulomb explosion — CE”
vs. “defect-mediated sputtering — DS”’) will be presented; and in Section
4 the available experimental evidence will be discussed with respect to
the two models. This comparison favours the DS model. A list of abbre-
viations used in this article is given in the Appendix.

2. EXPERIMENTAL EVIDENCE FOR POTENTIAL SPUTTERING
OF INSULATOR SURFACES

Recent experimental studies of the impact of slow HCI on atomically
clean solid surfaces involved electron emission (total yields, energy
spectra, number statistics), projectile-characteristic soft X-ray spectra
and grazing projectile scattering (image-charge attraction, neutralisa-
tion). A fairly complete account of these methods and results is given in
Refs. 1 and 3-7.

When pursuing a critical comparison between theory and experiment
for HCT interaction with insulator surfaces, it is important to recall spe-
cific experimental difficulties encountered in the interaction with insu-
lating targets. These difficulties may often complicate the data
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interpretation as well as the comparison with other experiments and the-
ory. In general, influence of the charge state of the projectile (i.e., its
potential energy represented by the total ionization energy of the respec-
tive neutral atom) becomes most effective at the lowest impact velocity
where processes due to the kinetic projectile energy will be drastically
reduced or absent altogether. A basic requirement for reproducible
results which can be compared with theory is clean and well-character-
ised surfaces. Also, in the case of polycrystalline targets, structural
properties cannot be neglected. For semiconductor as well as insulator
surfaces, sputtering and annealing as commonly applied to metal targets
are less effective or even destructive. The extreme sensitivity of oxides
to 1on bombardment may cause preferential sputtering of oxygen in the
near surface region, which severely modifies the surface properties.
Another difficulty in such ion beam experiments is the possible charg-
ing-up of the target surface. Both primary ions and ejected electrons
give rise to a positively charged surface layer which not only can influ-
ence the effective ion impact energy and ion-beam geometry, but also
the energy distribution of emitted charged particles. Since secondary
tons as well as ejected electrons involve kinetic energies peaking at a
few eV only, a target charge-up by only a fraction of one volt can
already strongly influence the total yields. Special precautions are
needed to overcome such difficulties (e.g., electron flooding, deposition
of insulator target material as ultra-thin films on metal substrates, heat-
ing of samples up to a temperature where ion conduction becomes suffi-
ciently large, as in the case of alkali halides). Not all experimental
results discussed below have been obtained under conditions where all
the parameters mentioned above were well controlled, a fact to be kept
in mind when sometimes highly contradictory experimental data are
compared.

First experimental work on charge-state-dependent sputtering of insu-
lators by HCI has been carried out in Tashkent/Uzhbekistan, 8.9 from
which it was concluded that for impact of Ar?" ions (g < 5) on silicon
and alkali halide surfaces, secondary ion yields increased rapidly with
both the incident ion charge and the decreasing impact energy. Etching
patterns on a KCl surface previously bombarded with equal fluxes of
slow Ar?* and Kr?* ions were larger for higher ¢.'% In Ref. 11 it was
claimed that for bombardment of Si with singly charged ions, sputter
yields are larger by more than a factor of two than for neutral projectiles
of equal mass and energy. However, for 20 keV Ar?*(¢g <9) impact on a
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Si surface, only the secondary ion yield increased noticeably with g,
whereas the respective total sputter yields (dominated by ejection of
neutral Si atoms) did not change with q. 12 This apparent contradiction to
Ref. 11 was explained with a different conductance of the Si samples.

AFM (atomic force microscopy) for mica samples irradiated with low
fluences of very highly charged ions (e.g., Xe*** and U'™) revealed
single-ion-induced blister-like defects, the size of which increased with
the incident ion charge beyond a certain charge state “threshold” at
around g = 30.13 These measurements have been performed at compara-
bly high impact energies (several hundred keV). For bombardment of
Si0, with Xe?* (g < 44) and Th?* (¢ < 70) at similar kinetic energy as in
Ref. 13, TOF spectra of ejected positive and negative secondary ions
were dominated by single-atomic species, but also molecular clusters
have been obserVe,d.MAgain, the yields increased in proportion to the
incident ion charge above a “threshold” of about g = 25. Secondary ion
yields were made absolute by taking into account the acceptance solid
angle and efficiency of the applied TOF system, resulting in, e.g., total
yields of 25 + 12 for positive and 5 * 2.5 for negative secondary ions
from impact of Th'0*, respectively. These remarkably high values sug-
gested that the total sputtering yields (i.e., including neutrals) must be
significantly larger than the known kinetic sputtering yield of about 2.5
target particles for impact of 500 keV singly charged Th jons. '

A different set of results stems from HCI-induced proton sputtering
from “dirty” (i.e., untreated, hydrocarbon-covered) surfaces. The proton
sputtering yields show a remarkably strong dependence on ion charge g,
ranging from ~ q3 in the kinetic sputtering regime15 160 ~ q5 - q6 in the
pure potential sputtering regime.”’18 In addition, a relatively high yield
of about one proton per incident highly charged ion (g = 20) was meas-
ured. An enhancement in secondary ion emission yield with prnimary ion
charge state has recently also been claimed for thin “conducting” carbon
foils.'” However. the fact that in these experiments almost exclusively
hydrocarbon ions, protons and H™ were detected points to sputtering
from an insulating hydrocarbon overlayer rather than from the conduct-
ing amorphous carbon foil.

No firm conclusion can be drawn on the total sputter yield from such
secondary ion emission measurements. On the other hand, accurate
determination of the total sputter yields (including both neutral and ion-
ized secondary particles) has been achieved by means of a sensitive
quartz crystal micro-balance technique developed at TU Wien. 202
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FIGURE 1 Mass removal for LiF in atomic mass units (left scale), and number of sput-
tered LiF molecules (right scale) per incident Ar* (open symbols) and Xe®* (fuil sym-
bols) as a function of ion impact energy. Data from Ref. 25

With this method, measurements have been carried out for impact of
Ar?* jons up to ¢ = 9 on various surfaces as Au (a metal), alkali halides
(LiF, NaCl), oxides (SiO,, MgO) and semiconductors (Si, GaAs). As
expected, for Au targets no q-dependent total sputter yield was observed
(only kinetic sputtering23), but for alkali halide surfaces a considerable
sputtering yield could be observed down to very low impact energies
(> 5xq eV), which increases nearly linearly with the potential energy
carried by the projectile.21 Accompanying secondary ion yield measure-
ments showed that the sputter yield is dominated by neutrals which are
at least two orders of magnitude more abundant than secondary ions.?
[t is important to note that this potential sputtering of insulators (PSI)
was only found for alkali halides (LiF, NaCl)21 and, to a lesser extent,
for Si0,, whereas no PSI was observed for any other target surface (Au,
Si, GaAs, MgQ), for which only kinetically induced sputtering has been
found.?3*?* For impact of slow Ar?* (g <9) on SiO, the potential sput-
tering decreases with increasing ion dose, indicating preferential sput-
tering of oxygen. By contrast, for alkali halide surfaces stoichiometric
sputtering was found. Measurements with the quartz crystal micro-bal-
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ance technique have recently been continued for LiF and SiO, up to
Xe?™ (kinetic energies from a few eV up to | keV), and yielded
record-high neutral sputtering yields of about 300 LiF molecules (Ref.
25, cf. Fig. 1). Table I summarises the dependence of PSI on the surface
material.

TABLE I Potential sputtering for HCI (enhancement relative to kinetic sputtering). PSI
effect for different surface materials (cf. text)

Au metal No
Si semiconductor No
GaAs semiconductor No
MgO insulator (oxyd) No
Si0, insulator (oxyd) Yes
LiF insulator (alkalihalide) Yes
NaCl insulator (alkalihalide) Yes

3. “COULOMB EXPLOSION” VS. “DEFECT-MEDIATED
SPUTTERING”

Our current understanding of the interaction of slow HCI with metal
surfaces 1s based on the so-called “classical over-the-barrier” model
(COB-model),z’3 26 the main features of which include acceleration of
the HCI towards the metal surface by its own image charge, and reso-
nant transfer of conduction band electrons into highly excited electronic
states of the projectile. This results in the transient formation of very
short lived “hollow atoms”, for which outer Rydberg orbitals are tran-
siently populated while the inner shells stay empty. Although the projec-
tiles become already completely neutralised in front of the surface, and
excited states decay rapidly by autoionisation via emission of many low
energy electrons,?’ only a fraction of the potential energy originally
stored in the projectile is released above the surface, because the image
charge attraction limits the available interaction time. A larger part of
this potential energy can thus only be liberated in the vicinity of or
below the surface, when Rydberg electrons have become “peeled off”
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and more tightly bound shells (e.g., M, L, K) have become filled by
Auger neutralisation from the conduction band or in close collisions
with target atoms. 28-32 1 this way, the potential energy of the projectile
is converted into kinetic energy of emitted electrons and electronic exci-
tation of a small surface region (creation of electron—hole pairs, “hot
holes” in the conduction/valence band of the target, and inner shell holes
of target atoms). For metal surfaces these sudden perturbations of the
electronic structure can be rapidly accommodated. The excitation
energy dissipates within the target material without being able to induce
structural surface modification.

For insulator targets, however, such a strong electronic excitation
might survive long enough to also be efficiently converted into kinetic
energy of desorbed or sputtered target atoms and/or ions. This is the ori-
gin of sputtering induced by the projectile's potential energy, i.e. PSL
Currently two competing models for such conversion processes are
being considered, named “Coulomb Explosion — CE” and
“Defect-mediated Sputtering — DS.” Both models agree in so far that for
well-conducting (i.e. metal) targets there should be no influence of the
projectile ion charge on the sputtering yield, i.e. only kinetic sputtering
is possible.

In the CE model proposed by Parilis and co-workers, >~ the neutral-

isation of a HCI impinging on an insulator surface is assumed to result
in a strong electron depletion of the near surface region. Consequently,
the mutual Coulomb repulsion of target ion cores gives rise to ejection
of secondary ions from positively charged microscopic surface domains.
Shock waves generated by this CE then ablate further target material
(emission of neutral target atoms/clusters). In this way the CE model not
only explains an enhanced secondary ion emission yield but also
accounts for spufttering of neutrals which can strongly enhance the
removal of surface material.

Recently, molecular dynamics (MD) simulations for CE processes in
pure Si have been performed.36 In these calculations the following CE
scenario was assumed.

a. The HCI-Si interaction leaves a half-sphere containing 265 or more
positively charged silicon ions on a Si (111) surface.

b. The replenishment of electrons from the surrounding solid does not
proceed rapidly enough, such that the repulsive electrostatic energy
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stored in the charged region leads to a Coulomb-driven shock wave
that eventually leaves a crater-like feature in the surface.

These MD calculations showed that the shock wave needs about 100
fs to fully develop, and the resulting crater formation time is about | ps.
Moreover, the energy distribution of the emitted ions is rather broad,
with a mean energy of about 100 eV.

In a different approach, PSI has been explained by a “Defect-Medi-
ated Sputtering — DS” model. In certain insulator materials (alkali hali-
des, SiO,), electronic defects are induced by bombardment with
energetic electrons (electron-stimulated desorption — ESD) as well as
UV photons (photon-stimulated desorption — PSD).3"*! As described
above, the strong interaction of HCI with any target surface causes for-
mation of electron-hole pairs and “hot holes” (i.e., holes in the “lower”
part of the valence band). Due to the strong electron—phonon coupling
(i.e. efficient energy transfer from the electronic to the phononic system
of the solid) in alkali halides and SiO,, such an electronic excitation of
the valence band becomes localised by formation of “self-trapped exci-
tons” (STE) and/or “self-trapped holes” (STH), i.e. excitons or holes
trapped in a self-produced lattice deformation,*>*3 respectively (c.f. the
more detailed description for LiF targets below). As in the case of
ESD/PSD, decay of such STH and/or STE into different “colour cent-
ers” (H and F centers in the case of alkali halides and E” in the case of
Si0,) leads to the desorption of neutralized anions (halide atoms, oxy-
gen). In LiF, e.g, a H-center is a F,” molecular ion at one anion lattice
site, while a F-center is an electron localised at the next or second-next
anion site.*>*3 The created neutral cations are either evaporated (as in
the case of heated alkali halide samples) or can be removed by small
momentum transfer from the impinging projectiles.

As an example, in Fig. 2 the PSI process for a LiF target surface is
schematically depicted. If the HCI approaches the LiF surface, holes in
the F(2p) valence band will be created by resonance neutralisation
(RN). “Cold holes” (i.e., holes localised at the Fermi edge) in the first
surface layer will form V-centers (F,” molecular ions adjacent to two
anion sites),*>* while the resulting highly excited projectiles become
de-excited by Auger and autoionization processes, leading to electron
emission. When the projectile penetrates the surface layer while still in
an tonised or highly excited state, inter-atomic Auger neutralisation
(AN) and RN will take place and further neutralise and/or de-excite the
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self trapped exciton

FIGURE 2 The potential sputtering process explained according to the “Defect-mediated
sputtering” model (cf. text). Negatively charged F~ and positively charged Li* ions of the
ionic LiF crystal are shown as open circles. An electronic excitation (electron-hole pair)
becomes localized as a self-trapped exciton (lower right) which subsequently decays into
color (H™ and F) centers. These color centers diffuse to the surface and lead to the emis-
sion of neutral atoms (full circles)

projectile, producing further electron-hole pairs. “Hot holes” will be
formed with higher probability because of the larger electron density in
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the center of the valence band. Resulting V-centers can trap available
electrons, thus forming STEs, which at room temperature will immedi-
ately decay into two colour centers, i.e. a H-center (F,” molecular ion at
one anion lattice site) and a F-center (electron localised at the next or
second-next anion sit(~‘:).42’43 H-centers and F-centers created in the bulk
can diffuse to the surface, where the H-center decays by emitting a Fo
atom and the F-center can neutralise a Li* cation. For electron bombard-
ment, Li atoms created at the surface will form a metallic overlayer
which will stop further progress of ESD or PSD at room temperature,
but can be evaporated at surface temperatures above 150°C. In contrast
to ESD, even at rather low impact energy, the heavy HCI projectiles
provide sufficient momentum transfer for removing single, weakly (van
der Waals) bound Li atoms from the LiF surface, leading to stoichiomet-
ric desorption at low surface temperatures.

Within the DS model of PSI it is not sufficient for a target surface to
be an insulator. An enhancement of the absolute total sputter yields with
increasing charge state of the primary ion is predicted only for targets
with strong electron-phonon coupling, where electronic excitation can
be localised by formation of STE and/or STH.

4. DISCUSSION

The experimental results reviewed in Section 2 have in common that
they report marked (sometimes even strong) effects of the primary ion
charge state on emission of secondary target particles (ions or neutrals).
These effects have so far almost exclusively been found for insulating or
semiconducting targets. The only exception is the reported potential
sputtering from conducting carbon foils."” Since the latter was strongly
contaminated by deposition of hydrocarbons, the microscopic conduct-
ing properties of this target surface are, in the opinion of the present
authors, not convincingly established.

The majority of these experiments focused on the emission of second-
ary ions (positive and/or negative). The reported high secondary ion
yields are a clear indication that the total sputtering yields (i.e., includ-
ing neutrals) must be significantly larger than the well-known kinetic
sputtering yield. The measured g-dependencies, in particular in the
cases of proton sputtering from “dirty” (hydrocarbonated) surfaces!”13
or of F* emission from HCI-bombarded LiF surfaces,22 can be taken as
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indication for a CE-type mechanism. By means of a quantitative model
calculation®® based on the classical over-the-barrier model, it has
recently been shown that sputtering of protons can be explained by a
localised CE process. after breaking the covalent C-H bond in hydrocar-
bons at the surface. This model indicates that conditions for CE are
favourable only for light ions such as protons, which can escape rela-
tively rapidly to distances from the surface where re-neutralization
becomes unlikely.

It should be noted that secondary ion measurements do not allow us to
draw firm conclusions on the dominant sputtering mechanism, since
neutral sputter yields have been found which are two orders of magni-
tude larger than secondary ion emission yields.22

While experimental evidence which allows us to infer the dominant
sputtering mechanism is therefore still rather scarce, a closer look at the
experimental data?!?32> favours the “defect-mediated sputtering” over
the “Coulomb explosion” model.

i. Only for alkali halides (LiF, NaCl)zl, and to a weaker extent for
Si0,, 2323 has PSI been observed so far. Both SiO, and alkali hali-
des are materials which are known to exhibit strong electron-phonon
coupling and STH or STE formation.

ii. All other target species investigated by the quartz crystal micro-bal-
ance technique (Au, Si, GaAs and MgO) show only kinetically
induced sputtering up to the highest available Ar?" charge state of
g = 9.232* According to the CE model insulators like MgO and sem-
iconductors like Si and GaAs should also show a charge state
dependence of the sputtering yield. However, no STH or STE forma-
tion is known for these materials. Without that ability, even in insu-
lators the lifetime of valence band holes seems to be too short for
developing enough repulsive energy by Coulomb forces.

iii. The electronic defects in the surface (e.g., number of electron-hole
pairs and holes created) should be roughly proportional to the poten-
tial energy carried by the projectile into the surface. In the case of
defect-mediated sputtering, the number of STH's and STE's and, in
further consequence, the number of sputtered particles should there-
fore also increase nearly linearly with the potential energy, as has
been observed in experiment21. However, for the CE mechanism a
strong increase with the potential energy is also to be expected.
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iv. A CE process should favour the production of positively charged
secondary ions while hampering the emission of negatively charged
ions and electrons. At least for alkali-halide targets, predominantly
neutrals and less than 1% ions have been observed.*? In secondary
ion emission experiments with very highly charged ions (up to
q =78) on S10,, 13 negatively charged ions have been found to be as
abundant as positively charged ones, which is difficult to reconcile
with the notion of CE.

v. At very low impact energy of Ar?" (g < 9) on SiO,, the effect of
potential sputtering was found to decrease with increasing ion dose.
According to the defect-mediated sputtering model, the cations are
removed by evaporation (alkali halides) or by momentum transfer
from the impinging projectile to the now weakly bound (because
neutralized) cation. In SiO, the removal of the cations is only possi-
ble by the latter mechanism (the main difference between alkali hali-
des and SiO,). Therefore, at very low impact energy, only oxygen is
being sputtered and the surface becomes enriched in Si. Conse-
quently, the potential sputtering effect decreases with increasing ion
dose. The same effect leads to the formation of a metallic Li over-
layer in the case of ESD from LiF at low target temperatures.37 An
alternative explanation in terms of the CE model is not obvious.

vi. Additional evidence in favour of the DS model comes from the
energy distribution of sputtered particles. The recent molecular
dynamics simulation, which uses the CE mechanism as input for the
initial conditions,>® predicts the ejection of energetic sputtered parti-
cles. In the numerical example of Ref. 36, the average energy was =
4 a.u. (ca. 100 eV). This is in striking contrast to experimental find-
ings of sputtered neutrals and ions whose overwhelming majority
have low energies (= eV).

The importance of a transient trapping mechanism as a precursor for
potential sputtering can also be shown by simple, yet semi-quantitative
theoretical arguments. For an insulator with a narrow, fully occupied
valence band, taken to be LiF in the following, the energy spectrum can
be approximated by a tight-binding dispersion relation of the form

E(k) = Ey — Bcos(kaV?). (1)

where B is the half-width of the band (B = 2.5 eV for LiF®), Ey is the
center position of the band and a is the lattice constant (a = 3.9 a.u. for
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LiF*). The group velocity with which holes travel in the absence of
strong lattice distortions is

v(k) :ﬁa\/isin(ka\/g). (2)

Accordingly, the maximum hot hole velocity near the center of the
band (k = 7r/(2\/§a)) 1S U;L“’t ~ 0.5 a.u., i.e. comparable to metallic
Fermi velocities. For cold holes produced in resonant electron transfer
from the top of the valence band to the projectile, assuming a spectral
width of the captured electrons of = 1 eV, we find an average value of
v 2 0.2 a.u. This estimate results from the fact that v{°'¢ at the
Fermi edge is zero, while at an energy of 1 eV below the Fermi edge it is
about vﬁ"ld ~ 0.4 a.u.. These characteristic speeds for hot and cold
holes govern the time scale for hole diffusion. The average hopping time
to the nearest F-site is of the order of

thop = a\/i- (3)

Vh

The number of jumps during the neutralisation sequence is of the
order of

t
N==
thop

(4)

where 1 is the characteristic time for neutralisation of a highly charged
ion. Within the classical over-barrier (COB)  model,
tn = 2/q/(W-vp,1)) with g the charge of the projectile, W the work
function of the surface and v, | the perpendicular component of the pro-
jectile velocity with which the slow highly charged ion approaches the
surface. Inserting numerical values for cold holes in LiF and assuming a
perpendicular velocity of v, =5 X 107%a.u., we find

N =~ 40./q. (5)

The value for the perpendicular velocity used is estimated from the
lower velocity limit given by the image charge acceleration. The radius
within which ¢ holes will be distributed in a random walk is
R = aV2N =~ 9aq'/* . The mean distance between two adjacent holes

follows as
0.0\ 1/3
(d) =~ (%) Yaq /12, (6)
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This distance is very weakly dependent of the incident charge and
quite large since the speed of hole diffusion is to within of factor of 2 or
3 comparable to that of metals. Consequently, the repulsive Coulomb
interaction V. between two adjacent holes in LiF is quite weak,

(V) = ~ 3 x 1073, (7)

e (d)
(¢ = static dielectric constant*’), and unlikely to induce Coulomb explo-
sion. For hot holes, the Coulomb repulsion will be even weaker. Note
that this estimate depends linearly on the neutralization time ty. There-
fore, even when one would assume the effective neutralization time to
be much shorter (say, 5x10°1° s), <V> = 3%107% would still be very
small.

Alternatively to the neutralisation time ¢ty used above, another time
scale can be utilized to estimate the characteristic time within which
sputtering and atomic motion take place. Using for the latter the charac-
teristic period for an optical phonon ton = 2M/@,, = 5 X 1071 s, we find
similar but somewhat larger values of N and (d) and, accordingly, an
even weaker Coulomb repulsion. Note that the validity of the latter esti-
mate does not require the validity of the COB model as a prerequisite.
These simple considerations clearly indicate that trapping of electronic
defects due to strong electron-phonon coupling is essential in mediating
potential sputtering.

Conventional wisdom in electron- and photon-stimulated desorption
considers primarily the formation of self-trapped excitons (STE), their
subsequent decay into an F and H pair, and diffusion to the surface as
the mechanism for stoichiometric sputtering. Such a mechanism will
also be operative for potential sputtering induced by slow highly
charged ions when charge transfer proceeds by Auger capture. Due to
the limited number of Auger capture events, only a limited number of
STEs can be produced. However, resonant capture, which is more prob-
able than Auger capture, creates only holes (the number of holes being
roughly proportional to the charge state of the incoming projectile!-?”).
Unlike for photon- or electron-stimulated desorption, it is quite plausi-
ble that self-trapped holes are equally important in potential sputtering
by highly charged ions. While a self-trapped hole at the surface can
result in the sputtering of the neutral halide, the presence of a large
number of electrons in the impact zone of a highly charged ion due to
resonant re-ionization (“recycled electrons”), secondary electron emis-
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sion and Auger deexcitation processes may account for the concomitant
emission of the neutral alkalis. The latter process is less likely for pho-
ton- or electron-stimulated desorption because of the lack of a compara-
ble source of electrons. Self-trapped holes as a new agent specific for
potential sputtering by ions could also account for the fact that sputter-
ing yields for Ar* are about 1/3 to 1/2 of that of Ar?*. Within the STE
mechanism, a much smaller ratio would be predicted, since Ar®t per-
mits Auger capture and formation of excitons, while Ar" lies energeti-
cally below the threshold for STE formation. On the other hand, A%t
will create about twice the number of holes of Ar*, and the observed
ratio is consistent with an STH-induced sputtering process.

SUMMARY AND CONCLUSIONS

In the present Comment we have critically reviewed the available exper-
imental evidence for potential sputtering of insulators (PSI), i.e., the
ejection of neutral and ionized target particles from insulator targets
bombarded by highly charged ions at impact energies too low for the
common kinetic sputtering process to take place. A number of groups
have investigated the dependence of secondary ion yields on the projec-
tile charge state and velocity, but only recently has a quantitative meas-
urement of the related total sputter yields become feasible.

The so-called Coulomb explosion (CE) model assumes such PSI
effects arise as a consequence of the rapid electron depletion in the sur-
face region from where the impinging MCI is being neutralised, with a
subsequent ejection of positively charged target particles left behind.
This CE mechanism should work for any insulator material, which is in
contrast to experimental evidence: As discussed in this Comment, PSI
has only been observed for some classes of insulators, for which MCI
neutralisation can initiate self-trapped holes and/or self-trapped excitons
in the near surface region. Theoretical arguments suggest that trapping
of electronic defects is crucial for the conversion of potential energy of
the projectile into kinetic energy of the target atoms or ions. The decay
of these MCl-induced defects into colour centers gives rise to desorp-
tion of (primarily neutral) target particles. It is shown that this
defect-induced desorption requires a strong electron-phonon coupling of
the target material, and it should thus only be observed for particular
classes of insulators, such as alkali halides, and to a lesser extent Si0,.

Despite this evidence, at our present state of knowledge the CE mech-
anism should not completely be ruled out as a minor contributor to PSI,
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especially for higher projectile charge states than applied so far in quan-
titative measurements of the total sputtering yield. It is therefore highly
desirable to carry out similar PSI studies for projectile charge states
q = 30.

Appendix: List of Abbreviations

AFM atomic force microscopy

Al auto-ionization

AN Auger neutralisation

CE Coulomb explosion

COB classical over-the-barrier (model)
DS defect-mediated sputtering

ESD electron stimulated desorption
HCI highly charged ion

MCI multi-charged ion

MD molecular dynamics

PE potential electron emission

PSD photon stimulated desorption
PSI potential sputtering of insulators
RN resonant neutralisation

S-DOS surface density-of-states

STE self-trapped excitons

STH self-trapped holes

TOF time of flight
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