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A review is given of both theoretical and experimental investigations of the sputtering as a result
of strong excitation of the electron subsystem of a solid by fast and multiply charged ions. A
systematic account is given of the main experimentally established relationships governing
inelastic sputtering. An analysis is made of the dependences of the inelastic sputtering coefficient
on the energy and charge of the incident ions and on the target structure, and of the differential
characteristics of the sputtered particles. Theoretical investigations of the electron-excitation
region and its relaxation, of the transfer of the electron energy to the target atoms, and of the
inelastic sputtering models are discussed. A brief account is given of the history of the topic, of
possible practical applications of inelastic sputtering, and of its relationship to other phenomena.
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1. INTRODUCTION

Interaction of fast ( ~ 109 cm/s) and multiply charged
ions with condensed matter can erode the surface because of
the excitation of the electron subsystem (this is known as
inelastic sputtering).

A material can be sputtered if an atom Or a group of
atoms acquires an energy sufficient to detach itself from the
surface. In traditional sputtering this energy is transferred
by a bombarding particle as a result of elastic collisions and
the cascade of subsequent elastic collisions of the displaced
atoms increases the number of those atoms that acquire an
energy sufficient for detachment from the surface.1 How-
ever, if the electron subsystem of a solid is excited, then at
first sight it would seem that its atoms would not receive
sufficient energy. This follows from the fact that the electron
relaxation times are short and the transfer of the electron
energy to atoms is a slow process because of the ratio of the
electron and atomic masses. Therefore, for a long time it has
been assumed that inelastic processes have no role in sputter-
ing.

The first direct proof of inelastic sputtering was pro-
vided by experiments reported in Refs. 2 and 3, where it was
shown that in the range of energies where the nuclear stop-
ping power (d/s /&*)„ decreases on increase in the energy
and the electron stopping power (&E /dx) e rises, the sputter-

ing coefficients of americium oxide and plutonium hydrox-
ide increase with the fission fragment energy. This was in
conflict with the well-tested cascade theory of sputtering
and all the data on this fairly thoroughly investigated phe-
nomenon4 and it demonstrated that there is also sputtering
as a result of inelastic energy losses. Further investigations
involving bombardment of metals, metal oxides and fluor-
ides, solidified gases, and organic materials by fission frag-
ments and fast ions have demonstrated that inelastic sputter-
ing is indeed possible and it differs from traditional
sputtering in respect of the relationships governing it and
physical mechanisms. The inelastic sputtering coefficients
(representing the number of atoms removed from the sur-
face by one ion) can be orders of magnitude greater than the
values typical of the elastic sputtering process. For example,
in the first report of inelastic sputtering4 the coefficient S
representing the sputtering of uranium and plutonium by
fission fragments was one or two orders of magnitude higher
than the expected values.

In accounting for the process of inelastic sputtering we
must first of all answer the question as to how the excitation
energy of electrons is transferred to atoms in a solid and what
is the relaxatiom time of such electron excitation.

It is now clear that electron excitations in metals relax
due to electron heat conduction and that the characteristic
relaxation time is much shorter than the time for the transfer
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of the electron energy to the lattice. In insulators there are no
free electrons outside the excited region and, because of the
Coulomb attraction and necessary quasineutrality, electrons
cannot leave the excited region. The motion of an excitation
boundary is due to ionization of atoms by electron impact
and is in the form of an ionization wave moving at a velocity
Ucc do/r, where d0 is the Debye radius of electrons inside the
excited region and r is the ionization time. Such relaxation is
much slower than in metals and it occurs in a time compara-
ble with the time for the transfer of the electron energy to the
lattice.

There are various views on the transfer of energy to the
atoms in the lattice, which is the process that determines the
inelastic sputtering mechanism: these views can be divided
arbitrarily into two groups. In the thermal spike model the
stress is on the likely mechanisms of heating of the lattice to
temperatures needed to detach atoms from the surface. On
the other hand, the Coulomb explosion model deals with the
possibility of acceleration of ions in an electric field.

It is very likely that the thermal spike model is directly
applicable only to insulators, whereas in metals the process
of lattice heating is possible only in fine-grained targets when
the grain size is S 10 nm. Fast ions can then detach whole
grains. The idea of a Coulomb explosion, i.e., of expulsion of
ions from a region which loses some electrons as a result of
excitation, is not self-consistent in its direct form, since in
metals the charge is rapidly compensated by conduction
electrons and in insulators the charge is distributed on the
boundary of the excitation region. However, a double elec-
trical layer exists on the surface of a metal and in this layer
the pressure E 2/%w exerted by an electric field is balanced by
the pressure of excited electrons PzznTc. The field intensity
E=TC /d0 can then be sufficient to ensure that during the
lifetime of hot electrons the ions acquire an energy sufficient
for detachment from the surface.

The difference between the inelastic and elastic sputter-
ing mechanisms naturally results in a difference between the
physical relationships governing these effects. The energy
dependence of the inelastic sputtering coefficient S(E) re-
duces basically the dependence of the inelastic losses (dE/
dx)c and the coefficient obeys 5"cc (dE/dx)°, where a — 2-
4. In some cases the relationship between S and (dE /dx) e is
not single-valued and inelastic sputtering depends also on
the energy spectrum of excited electrons.

Inelastic sputtering of insulators is usually much
stronger than that of metals. Elastic sputtering depends
weakly on the electron structure of the target.

It is characteristic that inelastic sputtering of fine-
grained materials with a grain size of S 10 nm is 2-3 orders
of magnitude stronger than in the case of coarse-grained tar-
gets.

When large grains are sputtered inelastically, a consid-
erably higher proportion of the sputtered particles and also
of the particles sputtered in the form of large clusters or
molecules is charged. The particles sputtered as a result of
inelastic excitation emerge mainly at right-angles to the sur-
face.

Studies of inelastic sputtering have shown that the
mechanisms explaining this effect are not exotic, but are
manifested in many effects in solid-state physics.

Excitation of electrons in a solid resulting in inelastic
sputtering is observed in two cases: I) irradiation of a solid
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with fast ions which are retarded by interaction with elec-
trons in the medium and the nuclear stopping power is small;
2) irradiation with slow multiply charged ions which are
characterized by a high potential energy of neutralization.

The potential energy of a multiply charged ion is equal
to the sum of the ionization potentials of the missing elec-
trons and for ions of q ~ 20 charge it amounts to 20-30 keV.
The outer electron shells are filled in a solid or near its sur-
face as a result of the Auger processes and the energy re-
leased excites electrons.

Excitation of the electron subsystem in a solid also oc-
curs as a result of high-intensity irradiation with laser or
electron beams, but in this case the energy density is less than
in the case of inelastic sputtering by multiply charged ions.
In spite of some general similarity of the processes occurring
in these two cases, there are some essential differences and
the available models cannot be applied directly from one
case to the other.

The processes of neutralization of slow multiply
charged ions and retardation of fast ions in a solid are simi-
lar. The only difference is that a slow multiply charged ion
creates a spherical excited region near the surface, whereas a
fast ion for which the electron energy losses are greater than
the nuclear ones creates a cylindrical excitation region.
Moreover, a characteristic time for the excitation of elec-
trons by a fast ion is ~ 10 ~16 s, whereas the Auger neutral-
ization time is ~ 10 ~14 s and is comparable with the cooling
time of electrons due to heat conduction. Inelastic sputtering
by slow multiply charged ions has not been investigated
much5"6 and the charge of the ions used in such sputtering
has not exceeded q = 9. Experimental facilities for the inves-
tigations of sputtering by ions with higher values of q had
only just become available.7

Sputtering of some nonconducting materials is possible
also when electron and photon beams are used. However, in
this case the excitation or ionization applies to single elec-
trons and is not a collective process. Sputtering by electrons
and photons, frequently called electron sputtering, is dis-
cussed in Ref. 8. Therefore, in the present review the atten-
tion is concentrated on the excitation of an electron subsys-
tem when the collective processes predominate. The term
inelastic sputtering should be used in this specific case.

2. PASSAGE OF FAST IONS THROUGH MATTER

Inelastic sputtering has been investigated experimen-
tally for solids irradiated with fast ions when the inelastic
energy losses (dff/dx)e exceeds greatly the elastic losses
(dE /dx) n. Figure 1 shows schematically the dependence of
the energy losses experienced by an ion on its energy E. In

FIG. 1. Schematic dependence4 of dE/Ax on the ion energy E.
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the range of low energies the predominant processes are the
elastic losses due to the scattering of ions by atoms in a solid,
whereas at high energies we have (dE /dx)e > (dx/dx)n.

If the velocity of an ion is less than the Bohr velocity
v < e2/H, this ion travels inside a solid in the form of an atom
and inelastic losses are governed by the exchange of elec-
trons between a moving atom and electrons in the solid. The
characteristic energy for the excitation of electrons in the
case of such deceleration is mv2/2, where m is the electron
mass. If the velocity of an ion is higher than the velocity of
the outer electrons, then a moving ion carries an equilibrium
charge ^eq equal to the number of electrons whose orbital
velocity is less than v. In the Thomas-Fermi model we have

(1)

where Z, is the atomic number of the ion. However, the es-
tablishment of an equilibrium charge of an ion incident on a
target characterized by q ̂  qcq requires a certain finite time
and electrons are captured by an ion with q > qeq more slow-
ly than they are detached if q < qeq.

An ion with a charge q is slowed down because of the
polarization of the medium, leading to excitation of plas-
mons9 of energy fuop [cop = (m/ATrne1)~xl2\.

If the velocity of an ion exceeds the velocity of electrons
in an atom, the atoms in a medium may become ionized. The
ionization losses increase on increase in the ion velocity since
such an increase makes it possible to excite a larger number
of electrons. However, if the velocity of an ion exceeds the
electron velocity corresponding to a certain average ioniza-
tion potential (v ~ Z l/3e2/H, where Za is the atomic number
of atoms in the target), the inelastic losses decrease on in-
crease in the ion velocity and this is due to the Coulomb
scattering cross section at high velocities. In this case we
have the familiar Bethe-Bloch expression

Yin Imv"-
(2)

In the range of velocities where the ionization energy losses
predominate it is found that both (dE /dx) e and the spec-
trum of excited electrons are independent of electrical prop-
erties of the target (metal or insulator). The stopping power
(dE/dx),, depends strongly on the ion charge. For example,
in the case of a proton in typical solid targets the value of
(dE/dx)e does not exceed ~100 eV/nm, whereas in the
case of a fission fragment of velocity ~ 109 cm/s with a mass
~ 100 a.m.u. and a charge q~20, we have (dE /dx)c ~104

eV/nm.
The screening of the ion charge at velocities v^e2/H oc-

curs at distances ~ v/co, where co = cop for metals, whereas
a = g/fi for insulators; g is the width of the band gap. Since
v/a> exceeds the impact parameters for which electrons can
acquire a significant energy, the interaction of an ion with
electrons can be regarded as of the Coulomb type. Therefore,
the spectrum of primary excited electrons dn e /d£ decreases
at high energies in the same way as the spectrum of free
electrons, d«e/dE ccE ~2, whereas at low values of E we find
that dne /dE has a maximum at an energy of the order of
several ionization potentials / . The complete spectrum of
excited electrons is found by summing over all the electrons
excited from different electron shells. It is important to note
that the maximum energy which an excited electron can
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have is £"max ss (\m/M)E, where M is the mass of an ion,
which is very different in the case of light and heavy ions: for
a fission fragment we have £max x 2 keV, whereas for pro-
tons of energy 10 MeV, the corresponding energy is £max

=;40keV.
Atoms with vacancies in their inner shells are formed

due to the passage of a fast ion and these shells are filled as a
result of the Auger processes in a time ~ 10~l4 s. However,
since the cascade Auger processes are the most probable
(they involve consecutive transitions to the nearest lower
level), the excited Auger electrons have relatively low ener-
gies.

Inelastic sputtering and the formation of tracks as well
as radiation-induced chemical reactions are governed not
only by the inelastic losses (dE/dx),., but also by the excit-
ed-electron spectrum.

The simplest and most characteristic parameter is the
average energy density Q released in the electron subsystem.
When calculated per one atom, this energy density is

rr< o)

here R is the characteristic size of a cylindrical region (we
usually have R4,L, where L is the range of an ion) where the
excitation is localized.

An excited primary electron of energy E moves the fol-
lowing distance from the ion track10:

r (E) = X (E) sin 6 = /. (E) ( l - - (4)

where 6 is the angle between the ion track and the electron
momentum. The dependence of the range A of an electron on
its energy is a practically universal function which applies to
various materials (Fig. 2). A typical value of R is obtained
by averaging r(E) for a given spectrum of excited electrons.
Since R(E) increases on increase in E, particularly in the
case of light ions, the maximum of Q(E) is shifted toward
lower energies compared with the maximum of (dE/dx)e.

In the case of plasmon excitation,12 we have

(5)

where irv/<op is the impact parameter corresponding to the
appearance of a plasmon and/tp is its range, i.e., the distance
in which a plasmon decays into one-particle excitations.

The energy density Q depends strongly on the param-
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FIG. 2. Mean free path X of primary electrons'' and their distance r0 from
a fission fragment track10 plotted as a function of the electron energy.
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eters of an ion. In the case of fission fragments the density Q
exceeds 100 eV/atom, which is considerably greater than the
Fermi energy eF, the width of the band gap g in insulators,
and the ionization potentials of the outer electron shells. In
the case of light ions (such as protons) we have g<10~ 2 -
10~3 eV/atom.

3. EXPERIMENTAL INVESTIGATIONS OF INELASTIC
SPUTTERING

The demonstration of the existence of inelastic sputter-
ing in the early seventies was followed by a wide range of
experiments which made it possible to establish the main
relationships governing this phenomenon and to demon-
strate its difference from sputtering as a result of elastic colli-
sions. For example, the energy dependence of the inelastic
sputtering coefficient S(E) mainly follows the energy de-
pendence of inelastic losses represented by (AE /dx) e. How-
ever, thecorrespondencebetweenS'(.E) and (dE/dx)e is not
single-valued because inelastic sputtering is also governed
by the spectrum of the energies of excited electrons.

In contrast to elastic sputtering, which is practically
independent of the charge state of the bombarding ions, the
sputtering due to inelastic energy losses depends on the
charge of an ion incident on a target. However, this is mani-
fested only if the depth at which an equilibrium charge of an
ion traveling inside a target is established exceeds the thick-
ness of the layer responsible for the sputtering.

A characteristic feature of inelastic sputtering is in
some cases a strong dependence on the target structure. The
inelastic sputtering coefficient of some fine-grained samples
with a grain size of ~ 10 nm is several orders of magnitude
greater than that of coarse-grained targets. Since this may
imply the existence of special sputtering mechanisms, the
structure of the investigated target material should be taken
into account in discussing the relationships governing in-
elastic sputtering.

The electron structure of a target subjected to inelastic
sputtering is manifested much more strongly than in the
elastic case so that we have to consider separately the rela-

tionships governing sputtering of metals and insulators.
Moreover, the differential characteristics of inelastic

sputtering are distinct: this applies to the distribution of the
sputtered particles in respect of their masses, energies, and
angles of emergence from the target. In the case of inelastic
sputtering the fraction of charged sputtered particles is con-
siderably greater and the mass distribution includes clusters
containing hundreds and thousands of atoms.

3.1. Dependence of the inelastic sputtering coefficient on the
ion energy

The dependence of the inelastic sputtering coefficient
on the ion energy S(E) was first determined in Ref. 2. Ex-
periments were carried out on a fine-grained film of AmO2

prepared by evaporation in vacuum on a metal substrate.
The sputtered material was deposited on a collector and the
amount of it was deduced from the a-activity of americium.
The bombarding particles were fragments resulting from the
fission of 252Cf nuclei: the energies of the light fragments
were ~ 100 MeV and those of heavy fragments were ~ 80
MeV. The fragment energy was altered by their deceleration
in metal films of different thicknesses (Fig. 3d). Throughout
the full range of energies, both in the case of heavy and light
fragments, the value of (dE/dx)c increased on increase in
the ion energy, whereas (&E/dx)n decreased. The depend-
ence of the sputtering coefficient on the average fragment
energy (E ) plotted in Fig. 3a demonstrated an increase in S
on increase in (E) and therefore was evidence of inelastic
sputtering. A similar result under better experimental condi-
tions and with a film thinner than that of 252Cf was obtained
for a fine-grained plutonium hydroxide PuOx(OH)4_2 x

film formed by electrolysis on a metal substrate (Fig. 3b).3

In the case of both americium dioxide and plutonium hy-
droxide the sputtering by fission fragments was character-
ized by S = 3 X 102-3 X 103 atoms/ion, whereas the values of
5 calculated from the cascade theory were 3-4 atoms/ion.
Therefore, the work reported in Refs. 2 and 3 was the first
proof of the existence of sputtering as a result of inelastic
processes. It should be stressed that the values of S obtained

CD
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FIG. 3. Dependences of the sputtering coefficient S
on the average kinetic energy of fission fragments
(E) bombarding fine-grained films: a) AmO2

(Ref. 2); b) PuO J t (OH) 4 _^ (Ref. 3); c) Au
(Refs. 13 and 14); 1) gold film with an average
grain size ~ 7 nm; 2) gold film with an average
grain size ~ 14 nm. d) Energy spectra (Nos. 1-12)
of fission fragments after passage through deceler-
ating films. Spectrum No. 12: I), II) undistorted
regions; III) part of the spectrum distorted by a
particles from 252Cf.

700 725
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in Refs. 2 and 3 were total and represented the whole sput-
tered material and not some particular charged component.

Subsequently, the range of materials which could be
sputtered by inelastic processes began to widen greatly. The
energy dependence of the sputtering coefficient was used to
draw conclusions on inelastic sputtering of the following
materials: metals (Au) with a fine-grained structure (Fig.
3c),1314 metal oxides (UO2, AmO2) with a fine-grained
structure,215 metal fluorides (UF4, AmF3, CaF3),15 alkali
halides (Csl, CsBr, KC1, etc.),18"22 biomolecular com-
pounds18"22 in the form of ergosterol ( C ^ H ^ O ) , glycylgly-
cine (C4H8O3N2), valine (C5H12O2N), phenylalanine
(C0H,,O2N), and others, and also ice and solidified gases
(H2O, CO, CO2, SO2, CH4, N2, O2, Ar, Xe, etc.).17'23"28 A
common feature of the energy dependences of the coeffi-
cients S(E) of all these materials is that they repeat the over-
all nature of the dependence

Like the dependence

the dependence S(E) for inelastic sputtering is dome-shaped
(Fig. 4),17 but a comparison shows that S(E) rises more
steeply than does (dE /dx) e on increase in E to the left of the
maximum (dE /dx) e and falls even more steeply on increase
in E to the right of the maximum of (dE/dx)e. Figure 5,
based on Ref. 18, shows the dependences of the yield of Cs
obtained by sputtering Csl with various ions, on (dis/dx)e.
For each ion (16O, 32S, 63Cu, 127I) it was found that in a
certain range of values of (dE /dx) e the coefficient obeyed
Sec (dE/dx)", where 2<«<4. The different slopes of the de-
pendences

S(E)

result in a double-valued dependence S[(dE/dx)e]: the
same values of (d£Ydx)e but on opposite sides of the maxi-
mum of (d£/dx) e correspond to different values of 5. At

Charge state of 19F ~j

-\S0O

400

- 200

o
E

FIG. 4. Sputtering coefficients S of UF4 (black dots) and of H2O in the
form of ice (open circles), plotted as a function of the fluorine ion ener-
gy.17 The values of S for ice are reduced by a factor of 200. Curves 1 and 2
represent the electron stopping powers of UF4 (reduced by a factor of 4)
and of H2O, respectively.104

1 5 10
dE/dx. MeV-mg~1.cm2

FIG. 5. Relative yields of Csl ions plotted as a function of the electron
stopping power of Csl films sputtered by bombardment with 16O, 32S,
63Cu, and '"lions.1 8

higher ion energies the value of 5 is considerably less to the
right of the maximum of (dE/dx)e. This "loop" effect is
manifested clearly for the 16O ions in Fig. 5 and is observed
also for 32S ions. It is also manifested by heavier ions, such as
63MCu or 127I but they must have much higher energies be-
yond the maximum of (dE /dx) e.

The ion energy governs the spectrum of primary excited
electrons, the radius of the excitation region R, and conse-
quently the electron energy density. This is manifested by
the fact that the maximum of the dependence of Son the ion
energy E (Fig. 4) is shifted toward lower energies compared
with curves representing the dependences

or

This shift is greater for light ions which manifest more
strongly the dependence of the energy density of excited

to

FIG. 6. Dependences of the differential radial yield of H2 on (d£/dx), .
obtained on irradiation of benzene105 by H ions (1), He ions (2), Li ions
(3), Be ions (4), B ions (5), C ions (6), Ne ions (7), fission fragments
(8), and fast electrons (9).
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FIG. 7. Dependence of the yield of negative (1) and positive (2) ions of
valine and of phenylalanine (curves 3 and 4) on the velocity v of the
bombarding Cd ions.22

electrons on R. It is interesting to note also the dependence29

of the yield of hydrogen from benzene on (dE /dx)e for dif-
ferent ions (Fig. 6). This yield of H2 depends strongly on the
nature of the ion [for a given (d£Ydx)e ] at low values of
(&E /dx) e and for light ions, but the difference disappears in
the case of heavy ions when the radius of the excited region
depends weakly on the nature of the ion.

The dependence of the sputtering coefficient S on the
density of the released energy Q is undoubtedly of interest.
However, such dependences are usually not given because R
is indeterminate. Moreover, one should note the discrepancy
between the results given in various tables of (dE/dx)e,
which again complicates interpretation of the inelastic sput-
tering results.

We must bear in mind that when certain fine-grained
materials are sputtered, we can expect saturation of the sput-
tering coefficient when (dE /dx) e exceeds the value at which
an ion can sputter a grain. This was manifested, for example,
in the sputtering of fine-grained (grain size ~ 7 nm) gold
(curve 1 in Fig. 3c), whereas in the case of larger grains
( ~ 15 nm) the saturation has not yet been observed (curve 3
in Fig. 3c).

The dependences of the sputtering coefficients (ion
component) of biomolecular compounds on the ion velocity
are of the same nature (Fig. 7).22 However, it is clear from
Fig. 7 that in the case of positive and negative components
the dependences of the yield of the sputtered particles on the
ion velocity are different. Therefore, in the interpretation of
the results we must bear in mind a possible difference be-
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FIG. 8. Dependences of the yield of positive valine ions2' of (M +• H) +

mass on the velocity v of oxygen and sulfur ions. Curves 1 and 2 represent
the nuclear and electron stopping powers of valine for 16O ions obtained
from tables in Ref. 103 and expressions in Ref. 106.

tween the behavior of the total sputtering coefficient and the
coefficients representing the emission of charged particles.
Interesting results are plotted in Fig. 8 (based on Ref. 21)
which shows the transition from elastic sputtering of valine
(at low velocities of 16O and 32S ions) to inelastic sputtering
(at high velocities): a minimum of the dependence S(v) is
observed at v = 2 x 108 cm/s.

The energy dependences of the sputtering coefficients
of solidified gases are generally similar to the energy depen-
dences of the inelastic sputtering coefficients of other mate-
rials. However, in the case of solidified gases sputtered by
light ions it is found (Fig. 9)27 that the dependence
Sec (dE/dx)" is weaker and a lies within the range 1 <a<2.
It should be mentioned that, in spite of the approximately
equal sublimation energies of solid Ar, N2, and CO (0.083,
0.076, and 0.088 eV, respectively) the sputtering coefficients
are very different (Figs. 9a, 9b, and 9c): S ~ 10 for N2, S^50
for Ar, and 5^:200 for CO atoms or molecules per one He
ion of energy 1.5 MeV. Sputtering of solid N2 differs from
the sputtering of solid rare gases and CO not only by the
small value of S, but also by the fact that in the case of N2 the
dependence S[ (dE /dx) e ] shows the "loop" effect similar to
that observed in the sputtering of Csl by 16O ions (Figs. 9b
and 5), whereas in the case of Ar and CO the dependences
S[(,dE/dx)e] show no such tendency (Figs. 9a and 9c).
This is clearly due to the fact that the sputtering of solid rare
gases and CO by light ions is dominated by the excitation of

FIG. 9. Dependences S[ (dE/dx)J obtained for sputtering
of Ar (a), N2 (b), and CO (c) by hydrogen and helium ions
and by electrons.27
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individual electrons and not by collective processes. There-
fore, the sputtering of Ar and CO is determined not by the
density of the released energy, but by an integral of this ener-
gy in the surface layer of the target.

3.2. Dependence of inelastic sputtering on the charge of ions
and their angle of incidence. "Backward" and "transmission"
sputtering

A distinguishing feature of inelastic sputtering is its de-
pendence on the initial charge of an ion q, governing the
energy lost by fast ions (d£ /dx) e . The potential energy of a
slow multiply charged ion also depends on q.

Sputtering of Csl, glycylglycine, and ergosterol by 16O
ions with different initial charges was reported in Ref. 19.
The ion energy was 20 MeV in all cases, corresponding to the
energies on the right of the maximum of

rel. units

£ <*>].•
At this velocity the equilibrium charge is geq ~ 6.5. It is clear
from Fig. 10 that in the range #<6 the yield of the various
ions depends weakly on their initial charge, whereas in the
range q > 6 the experimental points fit well the dependence
5 <x qA. This result can be interpreted as follows. If the charge
of the bombarding particle is less than the equilibrium value,
its ionization to q = qeq is fast and it occurs at distances
shorter than the depth of the layer responsible for the sput-
tering. Recombination of a fast ion with q>q,.q is a slower
process; characteristic distances can exceed the thickness of
the layer governing sputtering. Therefore, if q > qeq the sput-
tering is due to ions with an initial charge close to q. Since in
the investigated range of energies we have (_dE/dx)eccq2,
the observed dependence Sccq4 corresponds to Soz (dEY
d*)e

2.
Similar results were obtained in studies of the sputter-

ing of valine3O"32 and UF4 (Ref. 17) by 160,32S, and 19F ions.
Although S(q) was different from the results presented in
Fig. 10, a general relationship was obeyed in all cases: if
q <qtq, it was found that S depended less strongly on q than
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FIG. 10. Relative yields 5 + of positive Cs+ ions from glycylglycine of
mass (M + H ) + and of ergosterol of mass M + plotted as a function of the
individual charge q of the bombarding l6O ions of energy 20 MeV, ob-
tained by sputtering Csl, glycylglycine, and ergosterol." The curves are
normalized to the equilibrium charge of oxygen ?eq =6 .5 .

for q>qcq. It was pointed out in Ref. 17 that passage through
a film resulted in some distribution of the ion charge because
of the nonlinearity of S(q) so that S(q) >S(q). Therefore,
in the interpretation of the results and in determination of
(d£Ycbc)e one should carefully measure the ion charge.

Inelastic sputtering of ZnS, LiF, NaCl, and Si crystals
by slow multiply charged ions was also studied.5'6 The ion
emission coefficient was determined as a function of the ion
energy and charge (Fig. 11). At low values q = 1-2 the ki-
netic ion emission was observed and its coefficient increased
on increase in the ion energy. When the ion charge exceeded
a certain threshold value {q = 2-3), the potential ion emis-
sion (i.e., inelastic sputtering) began. The potential ion

0.4 -

0.2 -

0 2 4 a 8 10 12 FIG. II. Dependences of the coefficients S + of emis-
sion of Na + ions from an NaCl crystal on the energy of
the bombarding Bez+ (a), Sbz+ (b), Cuz + (c), and
Rez + (d) ions of different multiplicity z (Ref. 7).
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emission coefficient S + increased on increase in q and there
was a change in its dependence on the ion charge. At high
values of q the coefficient S + was either independent of E or
it fell on increase in E. When the ion velocity was increased,
neutralization and excitation of electrons in the target oc-
curred at a greater depth so that there was a reduction in the
energy density transferred by electrons near the surface. Un-
fortunately, experiments on the sputtering by slow multiply
charged ions have been relatively few and limited to low
values of q.

There have been relatively few studies1519'33 of the de-
pendence of inelastic sputtering on the angle of incidence 8
of fast ions on a target. The S{6) curves were approximated
by (cos 6)~", where n was in the range 1<«<2. Sputtering
of fine-grained Au films by heavy multiply charged ions and
fission fragments was characterized by n = 1. An increase in
S with 6 was attributed to sputtering of a large number of Au
grains by one ion in the case when the incidence of ions on
the surface became more of the grazing type.15 A similar
exponent n = 1 was obtained in a study19 of the angular de-
pendence of S + in the sputtering of positive Cs+ ions from
Csl and of glycylglycine bombarded with 20 MeV 16O ions
and 16 MeV 32S ions. When the energy of 127I ions was in-
creased from 4 to 20 MeV, it was found33 that the exponent
in the angular dependence of S + for an ergosterol target
changed from n = 2 to n = 1. The available experimental
results are insufficient to establish a clear dependence of n on
the nature of the target and on the parameters of an ion.

In some investigations151722'33'34 a comparison was
made of inelastic sputtering in the "backward" direction rel-
ative to the ion beam and the sputtering of thin films by
"transmission." In some experiments1517 the sputtering co-
efficients were found to be the same in both cases, but other
authors22'34 reported that the sputtering in the "transmis-

sion" case was stronger than in the "backward" direction.
There was a tendency for the "transmission" sputtering to
exceed the "backward" sputtering only at high energies. It
would be premature to discuss the origin of these depen-
dences.

3.3. Dependence of Inelastic sputtering on the target
structure

The inelastic sputtering coefficients of fine-grained tar-
gets (with the grain size in the range 5-10 nm) are consider-
ably larger (by several orders of magnitude!) than the values
of S for coarse-grained materials. This is the most character-
istic feature of inelastic sputtering of a number of materials,
such as metals, oxides, and some others.35'36 One should
point out that traditionally in studies of sputtering by fast
ions [ (d£Ydx)e > (dE/dx)n ] or by nuclear fission fragment
the targets had been fine-grained and formed by the depo-
sition of thin films on substrates by evaporation in vacu-
um,2-35""37 electrolysis,2'3 or electrospraying.18"22

The use of fine-grained evaporated films and bulk tar-
gets in the study of sputtering has resulted in a large scatter
of the sputtering coefficients.35'36 It was shown in Ref. 37
that in the case of thin UO2 films with the grain size ~ 7 nm
the sputtering coefficient for fission fragments was S~10
atoms/fragment, whereas in the case of bulk coarse-grained
(~5 nm) targets,38'39 it was found that S= 5-10 atoms/
fragment.

The first direct investigations of the dependence of the
inelastic sputtering process on the structure of a target were
carried out on gold samples.40 It was found that the sputter-
ing coefficient of fine-grained gold films bombarded with 252

Cf fission fragments was S~ 103 atoms/fragment, whereas
for gold foil it was S~ 10 atoms/fragment.

The most detailed investigations of the influence of the

o/fim

No. 3

48 64 80 95 81 139 197 255
, Grain diameter, A

150 350 55O

FIG. 12. Electron micrographs (a), distributions
of the grain diameters of gold on a substrate (b),
and distributions of atoms in grains of gold (c) ob-
tained for three (Nos. 1-3) fine-grained gold tar-
gets.41-42 The shaded regions represent those grain
sizes which when included in the calculations en-
sure that the values of S agree with the experimen-
tal results for the sputtering by fission fragments.
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TABLE I. Sputtering coefficients 5 of gold targets with different structures bombarded by
fission fragments characterized by (dE/dx)c =2000-2300 eV/A.

Target No.

Target surface
structure

S, atoms/fragment

•Scale

l

grain
diameter
50-80 A

4000+
600

2300

2

grain
diameter
100-200 A

1100+
1800

2100

3

grain
diameter
300-500 A

42+13

2. 4

i

flat islands
- 1 0 0 0 A

10=4

4

•->

annealed
foil, 2 0 ^

15+5

4

6

annealed
polycrystal-

1 line sample,
0.2 mm

3=1

4

7

bulk single crys
tal, (110) face

7,0=3.0

-

Salc represents the electron coefficient 5e based on the model of an isolated grain35-80 and Sn

based on the model of Sigmund.4

target structure on inelastic sputtering were reported in
Refs. 41 and 42. The sputtering was due to bombardment
with 252Cf fission fragments of gold targets with different
grain size distributions (Fig. 12). The sputtering coeffi-
cients of these targets and also of a gold single crystal and
heated coarse-grained polycrystalline gold samples are given
in Table I, whereas the energy dependences S(E) obtained
for targets Nos. 1 and 2 are plotted in Fig. 3c. These experi-
ments demonstrated that when a fission fragment hit a grain
of size below a certain critical value, it was sputtered com-
pletely and the value of S increased with the grain size. The
higher the fragment energy more accurately, the higher the
value of (dE /dx) e ], the greater the critical grain size. For an
average 252Cf fission fragment the critical grain size was
found to be ~25 nm. When the grain diameter exceeded
— 25 nm, the sputtering coefficient was found to have the
same value as for bulk coarse-grained gold and was compar-
able with the value predicted by the cascade theory in the
case of elastic sputtering: 3—4 atoms/fission fragment.

However, the precision of the experimental and theo-
retical investigations is not yet sufficient to conclude that
inelastic sputtering occurs in the case of coarse-grained met-
als. Most informative may be experimental studies of the
energy dependences S(E) in the range where (dE/dx) n de-
creases and (d£ /dx)e rises on increase in the ion energy. On
the other hand, (dEAbc)e should be sufficiently high be-
cause, as shown below, in the case of inelastic sputtering we
must ensure that the density of the energy released to the
electron subsystem exceeds a certain threshold value. There-
fore, the experiments20 in which the sputtering coefficients
of Al and Cu were found to decrease on increase in the frag-
ment energy were not informative because they were carried
out using decelerated 252Cf fragments [v = (2-5) X 108 cm/
s] and {dE/dx)e was less than the theoretically predicted
threshold.

Inelastic sputtering of metal oxides UO2, AmO2, PuO2,
CfO2, and AmF3 was also found to depend on the target
structure. Fine-grained samples were found to have a sput-
tering coefficient S~103 atoms/fragment (Refs. 2, 3, 15,
and 43—46), whereas coarse-grained samples had a coeffi-
cient S~ 10 atoms/fragment (Refs. 35, 36, 38, and 39).

In the case of alkali halides, fluorides (UF4, CaF2), and
organic compounds no special studies of the role of the target

structure in inelastic sputtering had been made. A compari-
son of the various experiments18'22 shows that the scatter of
the values of S for targets of the same material did sometimes
occur, but was considerably less than for metals and oxides.

It was thus found that the inelastic sputtering coeffi-
cients S were large for all materials in the fine-grained form.
Coarse-grained metals and oxides had sputtering coeffi-
cients which did not differ from S obtained under elastic
sputtering conditions.

In discussing the dependence of inelastic sputtering on
the target structure it should be mentioned that in some
cases3537'39'47^19 it was found that S decreased after a dose of
(2-3)Xl01 2 cm"2 when fine-grained metal oxides were
sputtered by fission fragments. This was due to preferential
sputtering of fine grains and a reduction in their number and
also due to grain enlargement as a result of their sintering
during irradiation. On the other hand, when UF4 films were
sputtered by fluorine ions with an energy of 0.1-1.6 MeV/
nucleon it was found that S was independent of the dose right
up to that value when 30 atomic layers were sputtered.16

This could indicate that inelastic sputtering of some materi-
als (UF4) was independent or weakly dependent on the tar-
get structure.

The dependences of 5 on the film thickness (d) for dif-
ferent materials reflected specific inelastic sputtering mech-
anisms. Since inelastic sputtering of metals and oxides was
due to the size effect, S should depend on the degree of occu-
pancy of the substrate area by grains (in the case of Au the
grain size was <20 nm). Therefore, the elementary "bricks"
of a film were complete grains. Therefore, a rise of the de-
pendence S(d) in the case of fine-grained metals and oxides
was very steep and when the average thickness of the film
was 1-2 nm (3-4 /zg/cm2) in the case of Au or actinide
oxides the values of S reached a plateau 44|4S before the sub-
strate was completely covered.

The dependence S(d) was different for inelastic sput-
tering of solidified rare gases (Ar,Xe) .2425-27'28 In the case of
Ar and Xe on a conducting substrate (Be) the value of S
increased on increase in the thickness of the amorphous film
up to d~ 100 nm, whereas in the range c?> 100 nm the coeffi-
cient S reached a certain constant value. On a nonconduct-
ing substrate (SF6) the value of 5 decreased on increase in d,
tending to the same constant value.
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A similar slow rise of S(d) was observed when Ar was
sputtered27 and this was true right up to d = 100 nm (sput-
tering of Ar and Xe was due to bombardment with H and He
ions).

In the case of rare gases the dependence S(d) was ex-
plained most plausibly28 by diffusion of molecular Ar2

+ ions
and excited ArJ molecules along the track of an ion. Nonra-
diative recombination of Ar2

+ and deexcitation of ArJ re-
sulted in the transfer of energy to the atoms of Ar and, if this
occurred on the surface, the atoms that received a sufficient
kinetic energy became sputtered. On metal substrates both
Ar2

+ and Arjf were lost because of recombination and deex-
citation. A nonconducting substrate did not annihilate these
molecules, but prevented their diffusion into the interior.
Therefore, a metal substrate reduced the number of events of
recombination of Ar2

+ and deexcitation of Arf, resulting in
sputtering, whereas a nonconducting substrate increased
their number. The depth of the layer participating in the
sputtering process was governed by the distances traveled by
Ar2

+ and ArJ during their lifetime.
The same dependence of S(d) as in the case of Xe and

Ar was observed for KCl films sputtered by Ar ions of 70-
300 keV energy and the thickness of the film at which S
reached saturation was 200 nm (Refs. 50 and 51). On the
other hand, in the case of solid N2 and H2O sputtered by H,
He, C, and O ions of energy 1.5 MeV, there was no depend-
ence S(d) at least in the range </> 10-25 nm, indicating a
different sputtering mechanism or a shorter diffusion excita-
tion length.

Another target parameter important in the sputtering
process is the temperature of the target. The dependence of
inelastic sputtering on the target temperature has been inves-
tigated mainly for solidified gases16'17'25'26'28'52 and also for
KCl crystals.5354 In the case of SO2, H2O, CO2, Ar, Xe, and
so on it was found that below a certain temperature (charac-
teristic of a given target material) the coefficient S was inde-
pendent of T, whereas at higher temperatures an increase in
Jalso increased S (Fig. 13).26 In the case of CO2 the tem-
perature dependence S( T) exhibited several upward steps
and the height of these steps increased on increase in the CO2

film thickness. Clearly, the target temperature in inelastic
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FIG. 13. Temperature dependences S(T) obtained for the sputtering of
CO2 (1) SO2 (2), and H2O (3) films by 1.5-MeV He ions.

FIG. 14. Temperature dependences S(T) for the sputtering of fine-
grained Au films on metal substrates bombarded by 252Cf fission frag-
ments: 1) initial value S= 1.5X 104 atoms/ion; 2) initial value 5 x 103

atoms/ion.

sputtering of solidified gases and also of compounds such as
KCl simply activated the diffusion of excited atoms or mole-
cules.

Studies1617 of the sputtering of UF4 by fluorine ions of
energies 0.2-1.5 MeV/nucleon failed to reveal any depend-
ence of the sputtering coefficient on the target temperature T
right up to 200 °C.

In ultradisperse films of metals and oxides one would
expect the small grains to coalesce at temperatures above
200 °C, which should affect the sputtering coefficient. For
example, it was found that heating of ultradisperse Au films
on metal substrates from 20 °C to 250 °C reduced S by a fac-
tor of 3-5 when T was increased from 150 °C to —250 °C
(Fig. 14). When measurements were repeated at 20 °C, the
original value of S was not restored.

3.4. Distribution of the masses of sputtered particles

The distribution of the masses of sputtered particles is
extremely important in determination of the sputtering
mechanism and in practical applications of the process. The
bulk of elastically sputtered particles leaves the target in the
form of atoms. The proportion of sputtered molecules or
atomic clusters is then low and it decreases rapidly on in-
crease in the number of atoms in a cluster. However, inelas-
tic sputtering is once again very different from the elastic
process.

Initial studies of the sputtering of uranium oxide37 and
californium hydroxide2 revealed that collectors of the sput-
tered material captured particles of size up to ~ 7 nm con-
taining ~ 104 atoms. The sputtering was due to bombard-
ment with fission fragments which emerged out of the target
and the sputtered particles were studied using an electron
microscope or solid-state track detectors. The presence of
microscopic particles on collectors was mentioned also in
later reports of other experiments.35'36'55 However, these in-
vestigations could not be regarded as direct studies of the
masses of the sputtered particles.

The mass spectrum of sputtered particles was deter-
mined for the first time with a time-of-flight mass spectrom-
eter when biomolecular compounds were sputtered by 252Cf
fission fragments.56'57 The mass spectra obtained in this case
demonstrated that whole organic molecules were sputtered
and these consisted of hundreds and thousands of atoms and
their mass was 103-105 a.m.u. (Fig. 15). These investiga-
tions demonstrated the possibility of a new practical applica-
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FIG. 15. Distribution of the masses of particles (the transit
time given along the abscissa) obtained for positive (a) and
negative (b) ions generated by sputtering a biomolecular
compound film with a mass 13 968 a.m.u. (porcine phospho-
lipase) by 252Cf fission fragments.58

800

tion of inelastic sputtering which was generation of large
ions of thermally unstable molecules of organic compounds.
It is clear from Fig. 15 that the mass spectrum included mo-
lecular positive and negative ions with a charge up to 3, as
well as particles of masses equal to two, three, and four mole-
cules. A study of the dependence of the yield of ions of or-
ganic molecules of different masses and different size on the
energy density delivered by an ion led to the conclusion58'59

that the sputtering yield was affected more by the size of a
molecule than by its mass.

An analysis of the mass spectrum obtained in the sput-
tering of UF4 by 19F ions of 5 MeV energy demonstrated60

that the highest yield of ions was not in the form of atomic
uranium or UF4, but in the form of UF2, (UF2)2,or (UF2)3.

Unfortunately, so far all the investigations of the mass

2000 -

1000 -

30 5O
Multiplicity of negative ions

70

FIG. 16. Distributions of the multiplicity (number of negative ions of
different mass sputtered simultaneously by an I ~ ion) in bombardment of
a Csl film by uranium ions of 1.4 MeV/nucleon energy.

distributions of the sputtered particles were confined to the
charged components. Moreover, a direct comparison of the
mass distributions of the particles sputtered from fine-
grained and bulk samples has not yet been made, although
theoretical models predict a considerable difference for
these two cases. The sputtering products of fine-grained tar-
gets should be whole grains, whereas in the case of bulk sam-
ples they should be atoms.

In addition to the distribution of the masses of the sput-
tered particles, it is interesting to study their multiplicity,
i.e., the number of particles sputtered by a single ion. The
nunber of negative sputtered particles formed as a result of
sputtering of Csl by uranium ions with an energy of 1.4
MeV/nucleon was determined.22 The results are presented
in Fig. 16, showing that each uranium ion sputtered on the
average ~35 particles of different masses. The problems of
multiplicity were discussed also in Refs. 18 and 62.

3.5. Energy distributions of sputtered particles

In spite of the paucity of the experimental data on the
energy distribution of particles, it had become clear that the
average energy of the particles emerging from a target as a
result of inelastic sputtering is low: 1-2 eV.

The energy distribution beyond the most probable ener-
gy exhibits a steeper fall than in the elastic sputtering case.

Figure 17 shows the energy spectra of the Cs+ ions
formed as a result of sputtering of Csl films by uranium ions
of 1.4 MeV/nucleon energy.61 The characteristic features of
this spectrum are the most probable energy ~ 1.5 eV and the
steep fall of the number of Cs+ ions on increase in the ener-
gy. The same figure shows also the energy distribution of
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FIG 17. Energy distributions of Cs+ ions (open circles) and of Al+ ions
(black dots) obtained by sputtering a thin Csl film and an aluminum foil
substrate by bombardment with uranium ions of 1.5 MeV/nucleon energy
(the calculated curve is based on the cascade model4).

ions obtained as a result of sputtering of an aluminum foil by
uranium ions. This distribution is typical of the cascade
mechanism in the case of elastic sputtering: the most prob-
able energy of the positively charged component is tens of
electron volts and the fall of the energy distribution on the
high-energy side is proportional to E~L5. An energy spec-
trum similar to that shown in Fig. 17 was also reported for
Cs+ and Br~ ions generated as a result of sputtering of CsBr
by 252Cf fission fragments.62

The energy distribution of negatively charged particles
(representing ~80% of all the emitted particles) obtained
in a study of the sputtering of fine-grained gold by 252Cf fis-
sion fragments was determined by the retarding potential
method.43'63 The energy spectrum was found to have a maxi-
mum at ~ 1.5 eV and at higher energies it differed from the
E~2 spectrum, typical of elastic sputtering, and from the
Maxwellian spectrum by a steeper fall.

The Maxwellian distribution of positive ions with tem-
peratures of 3600 °C and 5200 °C was obtained when UF4

was sputtered by fluorine ions of 5 and 13 MeV energies,
respectively.l7 However, these temperatures were calculated
on the assumption that only the U + ions were recorded. If
theUF2

+ or (UF2)2
+ and (UF2)3

+ ions had emerged prefer-
entially, as mentioned before, then the temperature corre-
sponding to the distribution would have to be higher than
that given in Ref. 17.

Unfortunately, the precision and reliability of the avail-
able experimental data is insufficient to reveal any depend-
ence of the energy spectra of the sputtered particles on the
target composition and structure.

3.6. Angular distributions of sputtered particles

General size-effect features of the angular distributions
of particles obtained as a result of inelastic sputtering are the
preferential emission of particles along the normal to the
target surface and independence of the angular distributions
of the angle of incidence of ions on the target.15'4363 How-
ever, even in these cases the angular distributions may differ,
depending on the target properties and structure. Figure 18
shows the angular distributions of particles sputtered from
fine-grained films of gold, metal oxides (UO2 and AmO2),
and americium fluoride. The narrowest distribution was ob-
tained for particles of sputtered gold, it was wider for AmF3

particles, and the widest for the sputtering of UO2 and
AmO2. However, all these cases were characterized by the
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FIG. 18. Angular distributions of particles1563 sputtered by 252Cf fission
fragments from fine-grained films of Au [curve 4, exp( — 2.210 | ) ] , AmF3

[curve 3, exp( — 1.7|0|)], AmO2 and UO2 [curve 2 represents cos2 0
(Ref. 107) and curve 1 corresponds to cos 0].

preferential emission of particles along the normal to the
surface, in contrast to isotropic sputtering.

The observed angular distributions could clearly be ex-
plained by the combination of two sputtering mechanisms:
detachment of grains from fine-grained targets should give
rise to a narrow angular distribution, whereas evaporation
(governing the sputtering of insulators) should be charac-
terized by a cos 0 distribution. It should be mentioned that
the angular distributions of particles obtained on sputtering
of UF4, when S was independent or weakly dependent on the
film structure, by 19F ions of ~ 5 MeV energy was described
by the cos 6 law.16

3.7. Charge composition of sputtered particles

An investigation of the charge state of sputtered parti-
cles was made for Au (Refs. 63 and 64) and AmO2, UO2, or
AmF3 (Ref. 15). All the investigated targets were fine-
grained films which were sputtered by 252Cf fission frag-
ments. In the elastic sputtering case the fraction of charged
particles did not exceed 1 % in most cases, whereas in the
inelastic sputtering case the yields of charged and neutral
particles were of the same order of magnitude. The propor-
tion of negatively charged particles was particularly high in
the case of sputtering of gold. The charge composition of the
particles sputtered from gold was independent of the nature
of the substrate (Ni, C, Au, Pt, NaCl)6364 This property was
probably due to the fact that whole grains rather than single
particles were sputtered. An important role should then be
played by the properties of small particles and, in particular,
by the dependence of the work function on the gold grain
size.65 The major proportion of charged particles obtained as
a result of inelastic sputtering was evidence of the difference
between this process and elastic sputtering. Bearing in mind
also a high proportion of large particles in the sputtered ma-
terial, we would expect inelastic sputtering to be useful in
generation of ultraheavy (103-107a.m.u.) ions.

The available experimental data thus demonstrate a sig-
nificant difference between inelastic and elastic sputtering.
However, there are differences between the relationships de-
scribing inelastic sputtering of different objects: metals, in-
sulators, solidified gases; fine- and coarse-grained targets.
Although a considerable amount of experimental data has
already been accumulated, a complete picture cannot yet be
provided of inelastic sputtering phenomena.
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4. THEORETICAL INVESTIGATIONS OF INELASTIC
SPUTTERING

In order to understand the nature of inelastic sputter-
ing, we must answer the following questions: What is the
nature of the region where electrons are excited? How does
this region relax? How does an atom or a group of atoms
acquire an energy sufficient for sputtering?

We shall now consider the formation of an excitation
region in metals and insulators, then relaxation of this re-
gion, and the sputtering of metals and separately of insula-
tors because of the difference between the physical processes
occurring in them.

4.1. Excitation region

An important characteristic was introduced earlier Eq.
(3) ]: it is the energy density Q in the electron subsystem
near the track of a fast ion. In some investigations66'67 the
known spectrum of electrons and Eqs. (3) and (4) were
used to calculate the radial distribution of the energy density
Q(r):

(6)

where

= Q0(a/r)a,

where a is a quantity of the order of the interatomic distance
and a ~ 2 . The factor Qo is found from the normalization
condition

(7)

The quantity /?max depends on the maximum energy Em2L%

which an electron may acquire and it ranges from i?max = 1
nm for heavy ions to -Rmax TZ, 10 nm for light ions. We can see
from Fig. 2 that R (E) varies slowly at low energies E and in
the case of heavy ions the density Q is approximately propor-
tional to (dE/dx)e, whereas in the case of light ions the

(E) L toward
dx \

lower energies, since R (E) increases on increase in E. There-
fore, in the case of light ions the sputtering coefficient de-
pends not only on (dE/dx)e, but also on the primary elec-
tron spectrum, i.e., on the ion energy E. The case of high
energy densities, when Q is greater than the characteristic
energy for the excitation of electrons and a plasma of hot
electrons forms in the hot region, has been investigated thor-
oughly.10 The electron-electron collision time in the conduc-
tion band is ~ 10~16 s, whereas the ionization time of atoms
by electron impact is 10 15 s and an ionization equilibrium
is established in this time. Vacancies in the inner shells,
formed by fast ions, are filled as a result of the Auger pro-
cesses in a time ~10~1 4 s, but the concentration of such
vacancies is relatively low and the total neutralization ener-
gy is much less than the excitation energy Q. An equilibrium
energy distribution of electrons excited above the bottom of
the conduction band is also established in ~ 10 ~ 16 s. At high
values of Q the properties of an excited electron gas differ
considerably from the properties of an electron gas in a metal
at room temperature. Approximate expressions for the aver-
age energy (e) and the equation of state of an electron gas at
an arbitrary temperature were obtained in Ref. 68:

6EF)I/2, (8)

is the Fermi integral; 77 = n(T)/T; fi(T) is the chemical
potential; ^(0) = eF; T is the electron temperature. The
pressure in an electron gas is

25m J (9)

where n = Z( T)N; Z( T) is the average number of electrons
per atom in the conduction band; N is the number of atoms
per unit volume. The average charge Z(T) can be deter-
mined from the Saha distribution. A simple approximation
for Z( T) was proposed in Ref. 10:

(10)

where Zo is the number of electrons in the conduction band
at 3"=0. The characteristic temperature T, varies some-
what from substance to substance, but in the majority of
cases it is within the range 5 eV < T. < 10 eV. In the case of
insulators at temperatures T<g, we have Z
=;exp( — g/2T), where g is the width of the band gap.

The Debye screening radius d0 of an excited region is
given by an approximate expression, similar to Eqs. (8) and
(9), which gives the correct asymptote and ensures that the
error does not exceed 10%:

inn (ID

In view of the dependence n(T), the screening radius d0 of
metals increases somewhat with temperature in the range
T<eF and then remains constant amounting to d0 = 0.7-0.8
A. In the case of insulators, when T<g, we have
n = ZN«i exp( — g/2T) and the Debye radius first falls on
increase in temperature and then remains constant and equal
to the value for metals.

On increase in the temperature T there is an increase in
the total potential excitation energy of electrons:

(12)

where Jk is the potential for the excitation of the k shell
electrons to the conduction band and Cz (T) is the concen-
tration of ions with a charge Z.

The total energy of the electron subsystem is equal to
the sum of the potential energy U( T) and the kinetic energy
of electrons excited above the bottom of the conduction
band.

= Z(T){e(T))+U(T). (13)

Fit A

Knowing the dependence U( T), we can use the solution of
Eq. (13) to find the initial electron temperature To and the
initial average charge of ions Z(T0) for a given value of
Q — Qo. For example, in the case of a region excited by a
fission fragment of 252CF in gold, we have Qo = 130 eV,
r o = 20eV, andZ( r 0 ) = 3 .

Therefore, in the case of metals and insulators when Qo

exceeds the Fermi energy £F and the band gap g the initial
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excitation region represents a plasma containing hot elec-
trons and cold inmobile ions. However, relaxation of the
excited region is due to different processes in metals and
insulators.

The situation is different in the case of low values of Qo.
In the case of metals when Qo < eF, single-particle excita-
tions are distributed between several low-energy electrons
characterized by a large range (Fig. 2), so that energy is
spread over a large volume. The whole relaxation process
lasts ~10 15 s. Plasma oscillations at distances ~10 nm
also dissociate into single-particle excitations of electrons
near the Fermi surface. Therefore, in fact an excitation re-
gion is not observed in metals at all when Q is low.

Collective excitations in molecular crystals dissociate
and transfer their energy to one molecule. If the excitation
energy is higher than the ionization potential, direct ioniza-
tion takes place or superexcited states69 are formed and these
in turn dissociate along the following channels29:

ABC h—~. ABC++e-— direct ionization,
-+- ABC** — formation of superexcited states,
-*• AB* + C — predissociation,

ABC** ->- ABC+ + e" — atomization,
-*- ABC + AZ?Tlbr + frv — radiative relaxation,
-*• ABC -f- AZ?vlbr — nonradiative relaxation.

Therefore, single dissociated molecules and molecules in ex-
cited vibrational states form in the excitation zone. More-
over, direct ionization by an ion and dissociation of collec-
tive excitations creates molecular ions.

Only isolated excitations of the exciton type appear in
ionic crystals at low values of Qo. In this case the process of
inelastic sputtering is due to mechanisms similar to the
mechanisms of the sputtering by electrons11 with subthre-
shold energies or by y photons, discussed in a recent mono-
graph.8 Therefore, we shall ignore inelastic sputtering at low
values of Qo. We shall simply mention that light ions, like
electrons of subthreshold energies, cause inelastic sputtering
of just some insulators. The mechanisms of such sputtering
are associated with the direct transfer of the energy of an
excited electron to atoms or molecules.

At average energies of Q~ 1-10 eV/atom the regions of
isolated excitations alternate along ion tracks with plasma
regions and this is due to fluctuations of the energy losses
represented by (dE /dx) e. In this case the process of sputter-
ing is governed by the probability of formation of a region
with a high value of Q near the surface.70

The problem of the charge distribution in an excited
region is of major interest. It was first suggested in Ref. 71
and then in other papers that primary excited 8 electrons
leave the ionization region where positive ions remain. This
hypothesis has been used to formulate the concept of a Cou-
lomb explosion, i.e., flying apart of ions under the action of
repulsion forces. However, it has been shown already52'71'72

that the Coulomb explosion mechanism does not apply to
metals because the sufficiently high conductivity ensures
neutralization of a positively charged region in a time of the
order of tu~' = (4irne2/m)1/2~ l0~ l 6 s, which is consider-
ably less than the time necessary for the acquisition of the
sputtering energy by an ion.

It is assumed in Refs. 71 and 73-75 that the formation

of tracks in insulators irradiated with nuclear fission frag-
ments or multiply charged ions is due to the Coulomb explo-
sion mechanism. It is assumed in Refs. 73-75 that the neu-
tralization of ions can only be due to free electrons, and since
there are practically no free electrons in insulators, the neu-
tralization does not take place. However, according to Ref.
72, electrons are returned by the Coulomb field to a positive-
ly charged region well before ions can acquire an energy
sufficient for flying apart. The relaxation of electrons to the
valence band or their capture by local levels are also much
slower processes than the return to positive ions. This is true
of a cylindrical excited region created by a fast ion, because
the potential energy of an electron increases away from a
positively charged cylinder. At low values of (d£Ydx)e,
when the number of ionization events per unit track length
(dE/dx)e/J is small and the distance between the ions
which are formed / / (dE /dx) e is greater than the distance r
of an electron from an ion, it follows that an electron in an
insulator can be captured by a local level after it loses its
energy. This creates an uncompensated positive ion. How-
ever, even in this case the distance between ions is large and
the Coulomb repulsion is weak.

The presence of a positive charge is possible also in a
hemispherical region created by a slow multiply charged ion
when it becomes neutralized at the surface. The positive
charge is contributed by a multiply charged ion itself and it is
also formed as a result of electron emission.

The conductivity inside an excited region has the effect
that the charge is distributed on its boundary. This creates
an electric field | E | ~ Q / / ? 2 , which in the case of large
charges Q in the excited region may accelerate ions in the
surface layer and supply them with an energy sufficient for
sputtering.

4.2. Relaxation of electron excitation and models of
sputtering of metals

The main processes of relaxation of an electron excita-
tion at high values of Q in metals are the electron heat con-
duction and the transfer of energy to atoms in the crystal
lattice. The rates of these processes were first estimated back
in 1959 (Ref. 77). It was shown in Ref. 77 that the cooling of
electrons because of electron heat conduction is much faster
than the transfer of energy to atoms and, for example, near a
track of a fission fragment in a metal the temperature of the
atoms rises by just I—10 K. However, an electron thermal
diffusivity^fs 100 cm2/s, typical of metals at room tempera-
ture, was used in Ref. 77. It was shown later68 that the elec-
tron thermal diffusivity has a deep minimum at T~ 10 eV
(Fig. 19), where ̂ ~ 1 cmVs is two orders of magnitude less
than in metals under normal conditions. The dependence
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FIG. 19. Temperature dependence of the electron thermal diffusivity
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X (T) is governed mainly by the cross section for electron-
electron collisions:

Xeev (14)

If T<eP, it follows from the Pauli principle that «cc (7Y
eF )2; a is the transport cross section for collisions between
two electrons. At low energies we have a ~ const, whereas
in the range Tf> EF the cross section for pair electron-elec-
tron collisions and plasmon excitation decreases on increase
in the electron energy. This is the reason for the minimum of

It therefore follows that the characteristic cooling time
of electrons in an excited region is rt = R 2 / 4 ^ ~ 10 15 s due
to electron heat conduction. At high temperatures the num-
ber of electrons in the conduction band n (T) falls as a result
of cooling because of recombination of ions via the Auger
processes and the potential energy is converted into the ther-
mal energy of electrons which remain in the conduction
band. The result is slower cooling of the excited region.

The time r for the transfer of energy from hot electrons
to the lattice was calculated on a number of occasions.10'7879

If rco,| is the electron-phonon collision time, then

t
(15)

where 8 is the fraction of the electron energy transferred to
the lattice in one collision. It was found in Ref. 78 that at a
lattice temperature © higher than the Debye temperature
©D this fraction is 8 = 2ms2/©, where 5 is the velocity of
sound. The authors of Ref. 10 considered the possibility of
multiphonon excitation and found that 8 = (2ms/3p) (©D /
©), where the electron momentum is p > 0 D A. Since in a
defect-free crystal an electron can be scattered only by phon-
ons, i.e., by atoms shifted from the equilibrium position, it
follows that

Tcoii,i = A/'-7o(Ak-Ar)2, (16)

where N is the number of atoms per unit volume; v is the
velocity of an electron; a is the cross section for the scatter-
ing of an electron by an isolated atom; Ak is the change in the
wave vector of an electron as a result of the scattering; Ar is
the displacement of an atom from its equilibrium position as
a result of thermal vibrations. The time for the transfer of
energy from electrons to the lattice is r, ~ 10 12 s, which is
long because of the smallness of the fraction 8 of the energy
transferred in one collision and because of the factor
(Ak-Ar)2 ~ 10~2, which governs the number of collisions of

electrons with phonons.
The characteristic cooling time of electrons in metals

due to heat conduction is t, ~ 10~15 s, which is considerably
less than the time r t for the transfer of the electron energy to
the lattice. A rough estimate shows that the lattice tempera-
ture can rise to

e 10-3
 T0 100 K.

It therefore follows that in an ideal metal crystal there
should be no damage as a result of inelastic losses experi-
enced by a fast ion, as confirmed by the absence of visible
tracks of fission fragments. Inelastic sputtering of metals can
be explained only if we postulate special mechanisms of the

transfer of the electron energy to atoms. The existing models
of inelastic sputtering can be divided into two groups: the
thermal spike models28'35'8081 and the Coulomb explosion
models.71'73'75 Neither of these models can be applied to met-
als in the original form. Electrons cannot heat a crystal to
temperatures needed in sputtering and since there is no space
charge in an excited region, there is no Coulomb repulsion of
ions. Nevertheless, the later thermal spike models deal with
special cases when a more intensive transfer of energy from
electrons to atoms is possible and the Coulomb explosion
models are based on the idea of ion acceleration in an electric
field.

The modernized thermal spike models are based on the
assumption that a crystal is imperfect and that a reduction in
the electron-lattice relaxation time is due to the scattering of
electrons by defects.82

In the simplest variant the electron-lattice interaction
coefficient is selected so that during the cooling time of an
excited region the lattice acquires the necessary energy be-
cause of electron conduction.

The selection of this electron-lattice interaction coeffi-
cient is justified by a strong increase in the sputtering coeffi-
cient of fine-grained materials on reduction in the grain
size.3541 The sputtering coefficient increases when the grain
size becomes comparable with the mean free path of elec-
trons XcS in the case of the electron-phonon interactions. It
is therefore assumed in Refs. 42 and 83 that the time for the
transfer of energy from electrons to the lattice in grains of
size L decreases by a factor /lefr /L. If we consider the case of
a fine-grained (defect) structure of bulk materials,82 we find
that all the energy transferred by an incident atom to the
electron subsystem of a single grain is "locked-in" in the
grain if electrons are reflected from the grain boundary and
the reflection coefficient is close to unity. However, the
height of the potential barrier for electrons is governed by
the difference between the work functions of different faces
of adjacent grains and it amounts to several tenths of an
electron volt, whereas in the case of boundaries covered by
an oxide layer it amounts to ~ 1 eV. The width of such a
barrier is of the order of the interatomic distance. Therefore,
electrons may be reflected from a grain boundary only after
cooling to a temperature of 7"~ 1 eV. If the electron energy is
greater than the height of the potential barrier, the electron
reflection coefficient should be approximately the same as in
the case of reflection of electrons undergoing emission from
an internal surface in a crystal84; in this case the reflection
coefficient does not exceed —0.3, so that we cannot use the
concept of locked-in electrons.

On the other hand, the model of an isolated grain can be
used to explain experiments on fine-grained coat-
ings,1315'42'83'85'86 when single grains of small size have small
areas of contact with the metal substrate. Single grains cool
slowly also on an insulating substrate.

If we assume that the energy released in a grain is locked
completely inside the grain, we obtain an expression35'42'83

for the sputtering coefficient of a fine-grained coating with a
known grain size distribution:

S = 2fl1(d£/dx)e J
where/ is the number of grains with a radius J?, on a sub-
strate of area A. Equation (17) is derived assuming that the
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whole grain evaporates and that sputtering occurs if each
atom acquires an energy greater than the sublimation energy
Uo. However, a comparison of the above expression with the
experimental results has shown that Uo should be replaced
with a certain effective value Ueff, which is less than Uo. It
means that in reality we can expect detachment of clusters of
atoms or of whole grains. This may occur because of the
repulsion between the hot periphery of a grain and the sub-
strate.

The model of grain detachment was developed in detail
in Refs. 10 and 87 and it was shown there that electrons heat
the lattice much more strongly near a grain boundary than
inside the grain. Excited thermalized electrons moving in a
periodic potential are described by the Bloch wave functions
and the electron-phonon collision time is given by Eq. (16).
However, when an electron crosses a grain boundary and
reaches a neighboring grain after traveling its mean free path
A, before it has lost its directional momentum we can regard
it as a free particle. The time for the collision of an electron
with the lattice atoms is

Tcoii,2= (Nov)-1, (18)

i.e., (Ak-Ar)2 times less than the time rcolll for the collision
of an electron with the lattice inside a grain; there is a corre-
sponding reduction in the time for the transfer of the elec-
tron energy to the lattice, which near a grain boundary is

T2 = T_ jS-1. (19)

Consequently, the lattice atoms located at a distance A from
the grain boundary, near the point where it is crossed by, for
example, a fission fragment, are heated to a temperature
0 ~ l - 2 e V .

If the force of repulsion between grains,

oo

F =-- 2JI [ -|- QNr dr > nyL2, (20)

exceeds the surface tension force, a grain becomes detached
from the target. This condition makes it possible to find the
maximum radius Lm of a spherical grain which may be de-
tached from the target by a fast ion. In the case of sputtering
of fine-grained gold by 252Cf fragments, we haveLm ~ 100 A,
which corresponds to the maximum sputtering coefficient
S= (4v/3)L3

mN^l.5-l05 atoms/fragment. This mecha-
nism for the detachment of fine grains agrees with the ob-
served strong dependence of the sputtering coefficient on the
grain size. The model in question accounts for the formation
of fission fragment tracks in fine-grain metals88 and also for
the sintering of grains as a result of irradiation with fission
fragments.89 The detachment of grains is attributed in Refs.
90 and 91 to their "shaking-off" by a shock wave created by
an ion in a nonconducting substrate or to "jumps" due to fast
thermal expansion.

The initial Coulomb explosion idea has been trans-
formed to a model of acceleration of ions in an electric field
which appears even when an excited region is on the whole
quasineutral. The assertion that "a sufficiently strong elec-
tric coupling between ions and electrons represents a bulk
force acting on matter" was first put forward in Ref. 92, so
that we can assume that ions acquire the following velocity
during the lifetime of an excitation:

MN
•BP{r, t)

dr 6t, (21)

where P is the electron pressure and M is the ion mass. Al-
though the electric force was not made more specific in Ref.
92, Eq. (21) essentially mean& {P = NZT) that the plasma
potential is <p ;s T /e and a force ZeV<p acts on each ion. How-
ever, in view of the fairly high thermal diffusivity, the tem-
perature gradient decreases rapidly and the velocity of Eq.
(21) acquired by an ion is insufficient for its displacement.

The effects of the electron pressure on atoms were con-
sidered in Ref. 66 using a modified potential model. The
mechanism of these effects was again unspecified and the
pressure calculations were made using an expansion of the
average energy in terms of the electron temperature T, which
is justified only if T/eF < 1.

An excited region is regarded in Ref. 72 as a two-com-
ponent plasma with cold ions and hot electrons. The authors
of Ref. 72 calculated the response of an initially homoge-
neous system to the motion of an electron and estimated the
energy losses suffered by the electron. Their calculations
showed that because of the polarization of the plasma, the
energy acquired by an ion of mass M and with a charge Z in a

unit time

AE
At

IS

2v
mZ
M ( 2 2 )

where is the plasma-electron frequency; ap = {Airne2/
m)in;x= (vkmax/ap)2; #&max = 2mv is the maximum mo-
mentum transferred in a collision of an electron with an ion;
v is the electron velocity. It follows from Eq. (22) that elec-
trons of 10 eV energy in a plasma created by a 1-MeV He+

ion in solid argon transfer ~ 1 eV to the ions in ~ 10~12 s.
However, it should be pointed out that this rate of lattice
heating is comparable with the rate of heating by the elec-
tron-phonon interactions. Moreover, dealing with the heat-
ing of the lattice by electrons we have to allow also for other
mechanisms of relaxation of the excited region.

The strongest electric field appears on the surface of an
excited region in a metal.10'87 In view of the high tempera-
ture and pressure of electrons a negative cloud of electron
charges appears above the surface of a hot spot and the sur-
face layer of ions is no longer compensated by electrons, i.e.,
a double electrical layer is formed and inside this layer the
charges are separated by distances of the order of the Debye
radius d0. Since the Debye radius is much less than the dis-
tance at which the electron pressure falls at right-angles to
the ion path [do4P(dP/dr)~1], the field on the surface is
considerably stronger than the radial field Er. The electric
field pressure E 2/%ir inside such a double layer is balanced
out by the electron gas pressure n T. More accurate estimates
of the electric field on the surface give

E (0) « 3 (P ( -o (23)

where P{ — oo) = 7n( — oo) is the electron gas pressure
inside the metal at temperatures T> eF. Therefore, the ions
in the surface layer experience a force

F = SeZ (T) (nT)1'2, (24)

where Z( T) is the average charge of an ion.
Under normal conditions the surface ions are held to-
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gether by binding forces. The binding energy of a surface
atom Uo is defined as the difference between the energy per
one atom in the lattice of a solid and the ionization energy of
an isolated atom (see, for example, Ref. 93).

An increase in the electron temperature increases the
average energy of electrons and the energy per one atom in a
crystal (all the other terms in the energy of an atom in the
lattice are independent of the electron temperature), so that
there is a reduction in the binding energy of an atom and at
an electron temperature94

l/2 (25)

the binding energy U( T) vanishes (Uo is the binding energy
of an atom at T = 0). Typical values of this critical tempera-
ture Tc are 3-5 eV.

If the initial temperature TQ in a hot spot is considerably
higher than Tc, then after a time tc, when the electron tem-
perature falls to Tc, an ion experiences only the force of Eq.
(24), which causes its detachment from the surface. There-
fore, an ion acquires an energy

Ax In

(26)

(27)

The function F(r/R0) found in the range 0<r/RQ<2 is
readily approximated by the following expression:

(28)

If the energy of a surface atom is greater than the binding
energy W> Uo, the atom is released from the surface and the
sputtering coefficient is then94

(29)

Therefore, the sputtering of metals has a threshold. The pro-
cess can begin if the inelastic energy losses (d£Ydx)e exceed
a certain threshold value corresponding to Wo = Uo. How-
ever, if W()^> Uo, we find that Sec (dE /dx)l. An average fis-
sion fragment is characterized by (dE /dx) c ~ 2 5 keV/nm in
gold and we then have S—20 atoms/fragment so that the
threshold value is (dE/dx)e = 21 keV/nm. This value of S
is close to that found experimentally,40'43 but because of in-
determinacy of the parameters occurring in the expression
for this quantity and because of the experimental errors, it is
not yet possible to determine reliably whether inelastic sput-
tering of coarse-grained metals takes place. The most deci-
sive experiments would be those yielding the energy depend-
ence of the sputtering coefficient S(E).

We may mention also that the angular distribution of
sputtered atoms deduced on the basis of this model should be
highly directional and concentrated near the normal to the
surface; the angular width of the distribution should be

\ (30)

where ©„ is the target temperature.
We can see that the inelastic sputtering of metals has

been described by a number of models and this clearly corre-
sponds to the multiplicity of the mechanisms of erosion as a

result of inelastic processes. Obviously, the exceptionally
high sputtering coefficients of fine-grained metals are due to
some special sputtering mechanisms. Erosion is likely as a
result of detachment of whole grains.35'3755 However, on the
surface of a grain which is in loose contact with the substrate
the acceleration of ions in the field of a double layer is even
more effective because of the slow cooling as a result of loss
of heat across the contact with the substrate.87 This should
result in sputtering in the form of atoms, as postulated ini-
tially in the isolated grain model.35'83 In the case of inelastic
sputtering of coarse-grained metals the most plausible is the
mechanism of acceleration of ions in the field of a double
layer.

4.3. Relaxation of the excited region and sputtering of
insulators

A fast multiply charged ion characterized by a high val-
ue of {dE Abc)c forms an excited region in an insulator and
the parameters of this region are not very different from
those of an excited region in a metal. The average ion charge
Z and the initial electron temperature To in the conduction
band reach the same values at high energy densities Qo as in
metals. Therefore, the thermal diffusivity of electrons \ in an
excited region in the case when Z>1 has the value x~l
cmVs, exactly as in the case of metals at temperatures

However, the mechanism of heat transfer is different for
metals and insulators. In metals the heat conduction due to
electrons essentially results in the replacement of hot elec-
trons on the axis of an excited region with cold electrons
from the periphery of the region. In semiconductors with a
high hole mobility the process of relaxation may be ambipo-
lar diffusion with a diffusion coefficient close to x for metals.

The situation is different in an insulator where positive
charges are immobile and there are no free electrons outside
the excited region. In view of the condition of quasineutrali-
ty, electrons cannot leave the excited region because they are
held back by the Coulomb attraction.

The correct mechanism of the relaxation of the energy
of excited electrons in an insulator was first identified in Ref.
66. Electrons can transfer their energy to bound electrons,
i.e., they can ionize atoms at the periphery of an excited
region and this results in expansion and relaxation of this
region. The process ceases when the electron temperature
becomes less than the band gap g. Cooling is described in
Ref. 66 by the heat conduction equation with an effective
coefficient

(31)

wherer, = (irfi3/2e4rn)(N/n)(g/T)2 exp(g/T) is the time
for the excitation of an electron to the conduction band and a
is the atomic size.

The process of relaxation in a region containing excited
electrons in an insulator was investigated in Ref. 86 and it
was found that expansion of such an excited region occurs
because of an ionization wave. If the electron temperature T
is greater than the band gap g, the wave velocity U and the
width of a front / are95

I,
D \ 1/2-Hi) (32)
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where D is the diffusion coefficient of electrons. The velocity
{/in an insulator is usually of the order of the thermal veioc-
;ty of the electrons and if T>g, an ionization wave travels
quite rapidly. However, as soon as the electron temperature
falls to the value T<g, then because of a change in the elec-
tron distribution function86 at the boundary of an excited
region an ionization wave becomes modified. The front of
the wave becomes steeper, the plasma becomes polarized,
and free electrons escape from the excited region to a dis-
tance of the order of the Debye radius d0 and they form a
double layer. Since d0 is less than the mean free path of elec-
trons, the width (thickness) of the ionization front becomes
~d0

 a n d the wave velocity is then

Ux4r- (33)
When temperature is reduced, we find that «<xexp( —g/
IT), and the average ionization time increases r, <x exp(3g/
IT), so that

(34)

i.e., at low temperatures an excitation region relaxes slowly.
If T> g, when practically all the atoms are ionized in an

insulator, the transfer of the electron energy to the lattice in
metals and insulators proceeds in the same manner. How-
ever, if T<g, when the number of ions in an excited region is
small, we have n/N < 1, and the scattering of an electron by
an ion occurs as in a gas, because the potential of an ion
differs from the potential of a neutral atom. The electron-
lattice collision time is then

Tcoii= (nva)-1 (35)

and it differs from Eq. (16) because the periodicity of the
potential is disturbed by the random distribution of ions.

We can assume that the excitation energy is transferred
to atoms in a crystal inside a volume of radius R(Tt) if the
cooling time of this volume R(,T^)/U(Ti) is equal to the
time for the transfer of energy from electrons to the lattice
T( JTJ ) given by

(36)

A root of Eq. (36) gives the temperature to which the atoms
in a crystal are raised:

(37)

In most cases the value of© is less than the binding energy of
surface atoms and these atoms cannot escape. However, ©
usually exceeds the melting point so that fission fragment
tracks are observed in insulators.

The specific sputtering mechanism of insulators is not
yet clear. The spectrum of the energies of sputtered particles
can most probably be explained by the evaporation of sur-
face atoms. Rapid heating of a bounded region can give rise
to the formation of a shock wave, which on escape to the
surface transfers an energy sufficient for the sputtering of
atoms or a group of atoms.90'96'97 This mechanism explains
well the narrow angular distribution of the sputtered parti-
cles.

The sputtering of fine-grained insulators characterized
by large sputtering coefficients is clearly due to special

mechanisms. These mechanisms may include detachment of
a grain, similar to that investigated in the case of metals, and
the size of the grains detached from metals and insulators
should be of the same order of magnitude. However, excited
electrons in an insulator grain which is in poor contact with
the substrate relax more slowly than in a metal and this may
result in stronger sputtering of isolated grains in the form of
atoms.

In the case of slow multiply charged ions when the neu-
tralization energy is released near the surface an excited re-
gion may also relax in the form of an ionization wave. This
problem has not yet been investigated in detail, because we
cannot exclude the formation of a space charge or the Cou-
lomb repulsion of ions. If the energy of an ion in an insulator
exceeds the displacement energy Ed, the subsequent evolu-
tion of the process can be regarded as a cascade of colli-
sions74'98 or direct emission of accelerated ions. In the oppo-
site case, we can expect evaporation of matter from the
surface of the heated region.60 However, this topic requires
further study.

The transfer of energy from electrons to atoms and mol-
ecules in molecular crystals may be due to the excitation of
vibrational levels of the molecules and dissociative recombi-
nation. In a study of the relaxation process in a track of a
heavy ion in a molecular crystal99 an analysis was made of a
system of kinetic equations for electrons, ions, and neutral
molecules allowing both for attraction and reactions. For a
certain selection of cross sections, coupling constants, and
reactions the total energy of such a system is negative, which
shows that bound states can form (these can be clusters or
ordered distributions of particles, such as those in a quasime-
tal structure). Lowering of the degree of ionization increases
the energy of the system, which becomes positive and this
can be interpreted99 as decay of bound states accompanied
by heating of the atomic subsystem. The process of dissocia-
tive recombination is suggested as the mechanism of the
transfer of energy of electrons to the atoms. 10°-102 These pro-
cesses are clearly the most probable for molecular crystals
and liquids of the O2, CO2, N2, and H2O types. Then, be-
cause of the large cross sections of dissociative recombina-
tion the process of transfer of energy to atoms occurs in a
time of ~ 10 ~13 s (Ref. 102), which is less than the electron-
phonon relaxation time. It follows that the sputtering of mo-
lecular crystals occurs when binding is lost due to dissocia-
tion of molecules and when the atomic subsystem is heated.
However, this topic also needs a more thorough investiga-
tion.

It follows from the above discussion that the theory of
inelastic sputtering of insulators is far from complete. Some
specific topics have been dealt with and some general ideas
on specific mechanisms of inelastic sputtering of noncon-
ducting materials have been discussed.

5. CONCLUSIONS

It is obvious that we are at an early stage of studies of a
new field and the outlines of this field as well as potential
applications are only slowly becoming clear. Inelastic sput-
tering has already been observed for different objects on irra-
diation with different ions. It differs radically from elastic
sputtering. The observed relationships governing inelastic
sputtering are evidence that the effect has many facets. Exci-
tation of the electron subsystem plays also an important role
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in the desorption of impurities from the surface as a result of
inelastic interaction with ions89 and in the formation of radi-
ation damage (tracks of particles, sintering of grain boun-
daries and layers), and it stimulates chemical reactions.

All these effects require, like inelastic sputtering, exten-
sive experimental and theoretical investigations. Such inves-
tigations are particularly desirable because many applica-
tions of the new field are already clear.

Sputtering of high-molecular compounds in the form of
large molecules or their fragments as a result of irradiation
with fast ions or fission fragments provides a convenient
method for mass spectrometric investigations of such com-
pounds. The method is unique particularly in the case of
biological objects.

The large difference (by two orders of magnitude) be-
tween the sputtering coefficients of insulators and conduct-
ing materials can be used for selective sputtering of insula-
tors without erosion of semiconductors and metals when
microelectronic components are being manufactured.

The sputtering by slow multiply charged ions is an im-
portant topic in the development of a thermonuclear reactor
because heavy impurities in a thermonuclear plasma may
acquire charges in the range q > 20.

Studies of inelastic sputtering help to understand the
characteristic features of the excitation of the electron sub-
system, which is important in studies of the interaction of
laser and electron beams with solids.

Inelastic sputtering of solidified gases is of interest in
astrophysics, because irradiation of space objects containing
ice and solidified gases by high-energy particles results in
sputtering characterized by very large coefficients
(S = 102-103 atoms/ion).

The reliability of semiconductor devices, particularly
those of the submicron size, is important when such devices
are used in space and are thus exposed to cosmic rays with a
heavy component that can cause inelastic sputtering.

It follows that although radiation physics has been con-
centrated mainly on elastic atomic collisions, the stress
should now be on studies of inelastic processes.
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