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Multiple-charged secondary-ion emission from silicon and silicon oxide
bombarded by heavy ions at energies of 0.4-10 MeV
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Secondary-ion yields have been measured for Si and SiO; targets bombarded by C, Si, Ge, and
Ag projectiles over an energy range between 0.4 and 10 MeV, where the atomic-collision process
changes from a nuclear to an electronic one. Obtained yields of secondary Si?* (¢ = 1, 2, 3, 4) ions for
the C projectiles are generally decreasing functions of incident energy. On the other hand, the yields
for Ag increase with increasing energy except for Sit. The possibility of multiple-charged recoil-
ion production through the simultaneous process of ionization and recoil caused by the projectiles
is discussed on the basis of an independent-electron model, which describes multiple ionization of

atoms by energetic heavy-ion impact.

PACS number(s): 79.20.Nc

I. INTRODUCTION

Secondary-ion emission is one of the most interesting
and applicable phenomena in ion-solid interactions (see
[1] and references cited therein). In the past decade
great progress has been made on sputtering in a low-
incident-energy region where the nuclear collision domi-
nates over the electronic collision. The electron-tunneling
model is very useful for explaining many general trends
in secondary-ion emission from metals and semiconduc-
tors [2,3]. For ionic and partially ionic solids, the bond-
breaking model is the most widely accepted mechanism
to explain the large secondary-ion emission yields [4,5].

At high incident energies, however, phenomena that
cannot be explained by the above mechanisms have been
found. The first such results are unusually large yields of
singly charged positive ions with high electronegativities
[6-8]. Yields of multiple-charged positive metallic ions
also increase with increasing beam energy [9-11]. A so-
called kinetic model was then applied [12]. In this model,
inner-shell holes are produced by the energetic collisions
between target atoms (7'T) and the presence of those
holes is the major cause for the ionization of sputtered
atoms at the high incident energies. The most widely
accepted mechanism for the production of the inner-shell
excitation is the electron-promotion model [13] because
the energy required for the electron promotion is par-
ticularly small in symmetric TT collisions in which the
energy levels of the collision partners match each other
[14]. The proposed ionization mechanisms of the sput-
tered atoms are based on the cascade process caused by
the nuclear collisions.

However, Blauner and Weller found that the yield of
O% emitted from metal oxide is wholly unrelated to the
nuclear energy deposition [11,15]. In addition, sputtering
yields of large organic molecules and frozen gases induced
by MeV ion impact are correlated with the electronic en-
ergy deposition [16] and molecular dynamics in the field

1050-2947/95/51(1)/554(7)/$06.00 51

of electronic sputtering has been successfully applied [17].

So far, systematic experimental studies on the yields of
multiple-charged secondary ions are limited below several
hundred keV, where the nuclear-collision process dom-
inates over the electronic process for heavy projectiles
[18]. In the present study, therefore, we have extended
the measurements to an energy range of MeV. In this
energy range, even heavy ions have the electronic stop-
ping powers S, higher than the nuclear ones S, [18], as
shown in Fig. 1. Thus electronic collision may reveal
a prominent role for the production of multiple-charged
secondary ion in the present energy range where the nu-
clear energy deposition contributes only slightly. Solid
targets of semiconductor-grade silicon and silicon oxide
were used. Impact energies of 0.4-10 MeV of C, Si, Ge,
and Ag species range from the competitive region of nu-
clear and electronic collisions to the dominant region of
the electronic collision.
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FIG. 1. Nuclear and electronic stopping powers S,, and S,
are plotted over a wide incident energy range for the projec-
tile-target system of Si-SiO. [18].
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II. EXPERIMENT

Figure 2 shows the experimental arrangement. An
ion beam from the Kyoto University 1.7-MeV tandem
Cockcroft-Walton accelerator was collimated to a spot of
1 mm in diameter and incident on the Si or SiO, target at
an angle of 70° with respect to the surface normal. The
400-nm-thick SiO; target was a sample fabricated by epi-
taxial growth on a silicon wafer. The resulting secondary
atomic and cluster ions sputtered from the target to an
angle of 90° were extracted through a 1-mm-diam aper-
ture positioned 7 mm apart from the target. They were
then accelerated and focused with an einzel lens onto a 6-
mm-diam entrance slit of a magnetic mass analyzer. The
analyzed secondary ions which passed through a (1x5)-
mm? slit were detected with a channel electron multiplier
(Ceratron) [19]. The vacuum chamber was baked before-
hand at approximately 120 °C for 2 days. The pressures
of 10~7 Pa and 10~® Pa were achieved for the isolated
and the experimental conditions, respectively. The front
surface of each target was purified by bombarding intense
Si ions for 1 h before taking mass spectra.

The mass spectra of the secondary positive and neg-
ative ions were taken by sweeping magnetic field by a
step of 0.001 T from 0 to 0.5 T corresponding to the
mass range up to 130 u/e. The mass resolution of 1.6%
was obtained. The field step was small enough to ob-
serve mass peak profile. Measurements of mass spec-
tra were carried out at several incident energies between
0.4 and 10 MeV at a fixed particle flux of 1.3x10'2
s~ tem™2 for Si?t(q = 1,2,3,4,5,6) and for C?t, Ge?™,
and Ag?t (g = 1,2,3,4) projectiles. The beam intensi-
ties were monitored before and after each run. Counting
rates were kept below about 5x10° s~!, which was tol-
erable for the Ceratron multiplier. In the case of the
SiO, target, the ranges of the incident ions were longer
than the thickness of the SiO; layer. Then the incident

(a)

FIG. 2. Schematic diagram of the experimental arrange-
ment for secondary-ion detection: (a) primary ion beam, (b)
target, (c) Faraday cup, (d) aperture, (e) accelerating elec-
trode, (f) einzel lens, (g) collimators, (h) selecting magnet,
and (i) electron multiplier.

ions passed through the layer and stopped in the elec-
trically conductive Si wafer. This successfully prevented
the target from the electrical charging up. On the other
hand, the layer was thick enough to withstand the bom-
bardment for about 3x10% s before being sputtered out.
The obtained mass spectra were reproducible and hardly
depended on the charges of incident elemental species.

III. RESULTS

Examples of the mass spectra of secondary-ion species
are shown in Figs. 3(a) and 3(b) for the Si and SiO,
targets bombarded by Si3* projectiles, respectively. As
known from Fig. 3(a), the most dominant species was
Sit and multiple-charged atomic-silicon species were ob-
served too. Weak background peaks originating from ad-
sorbates on the surface of the target were attributed to
Ht, Ot, H;O*, Nat, and K*. For the case of the SiO;
target, other than the ions mentioned above, some molec-
ular and cluster ions were observed.

The secondary-ion yields from the Si target are plot-
ted in Figs. 4(a)-4(d) as a function of incident energy
for the C, Si, Ge, and Ag projectiles, respectively. The
yields for the SiO, target are shown in Figs. 4(e)-4(h)
for the respective four incident species. Those values of
Si~ and O~ ions from the SiO, target are also presented
in Fig. 5 for the Si and Ag projectiles. The individual
values in Figs. 4 and 5 are the means of at least three
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FIG. 3. Examples of mass spectra of secondary ions for the
(a) Si and (b) SiO; targets.
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determinations. The experimental errors result primarily
from variability of the secondary-ion emission caused by
the surface condition of the target and from the uncer-
tainty in the overall efficiency of the mass analyzer. The
standard deviations of the respective measurements are
at most 7%. Statistical errors were in all cases insignifi-
cant.

Figures 4(a) and 4(e) show that the yields for the C
projectiles are generally decreasing functions of incident
energy. In addition, the energy dependence of the yields
of lightly charged secondary ions is stronger than that for
multiple-charged ions. On the contrary, as shown in Figs.
4(d) and 4(h), for the Ag projectiles the yields increase
with increasing incident energy except for the Si* ions.
The yield curves for the Si and Ge projectiles are rather
similar to those for the C and Ag ions, respectively. Fig-
ure 5 shows that the behaviors of the O~ and Si™ ions
resemble those of the Sit ions.

Figures 6(a)-6(h) show the yield ratios of the Si?t
(g = 2,3,4) ions relative to the Sit ions plotted vs the
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incident energy. The ratios increase rapidly at first, and
then level off or decrease with incident energy for all the
projectiles. Most of the yield ratios of multiple-charged
ions are higher for the light incident species than for
heavy species. This fact suggests a dependence on the
amount of electronic energy deposited, since the elec-
tronic energy depositions are prominent in C projectiles,
but in Ag the nuclear contribution still works in the
present energy range. The yields of Sit and the multiple-
charged secondary Si ions are probably sensitive to the
nuclear and electronic energy depositions, respectively.
This feature is displayed in the yield curves of Si**, whose
yields increase more rapidly with increasing incident en-
ergy than those of Si?* and Si®*.

IV. DISCUSSION

So far, the mechanisms based on the nuclear energy de-
position have been widely accepted in the explanation of
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FIG. 5. Incident-energy dependence of the negatively
charged secondary-ion yield for the SiO; target bombarded
by the Si and Ag projectiles. The experimental errors are at
most 7% and are comparable to or smaller than the sizes of
the respective marks.
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the secondary-ion emission under low-energy bombard-
ment. Therefore, in Figs. 7(a) and 7(b), the yields of
Sit and Si*t ions are plotted as a function of S, for
the Si and SiO, targets. In the Sit-Si case, the experi-
mental data are well fitted with a curve of S2-7® and the
fact implies that the Sit ions are produced through the
nuclear-collision mechanism still in the high-energy range
under consideration. The yields of the Sit ions from the
SiO; target are larger than the corresponding yields from
the Si target and the result agrees with the general pre-
diction in the framework of the bond-breaking concept
3,4].

However, in the case of Si*t, as shown in Fig. 7(b),
the yields have little correlation to S,. This finding re-
quires other mechanisms of secondary-ion emission not
addressed by the current models of secondary-ion emis-
sion. Blauner and Weller measured the secondary Al-ion
yields from aluminum and aluminum oxide bombarded
by rare-gas ions at energies below 275 keV and reported
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FIG. 7. Yields of secondary Si* and Si**t ions are plotted
as a function of the nuclear stopping power: (a) Si* and (b)
Si**. The experimental data of Sit from the Si target are
well fitted with a curve of S2-7® shown with the solid line.

that multiple-charged ions are produced by the kinetic
mechanism [11,15]. In this mechanism, the intensities of
secondary ions vary similarly to S,. In the same experi-
ment, however, they found that Ot ions emitted from
the oxide surface are produced by means of a mech-
anism wholly unrelated to S,. Its production cannot
be explained by any of the proposed models of metallic
secondary-ion emission. As described above, the yields
of the Si** ions shown in Fig. 7(b) meet the same situ-
ation at high incident energies. In order to explain their
production rates, one needs other parameters in addition
to S,. A promising mechanism in the high-energy region
should contain any direct ionization caused by the colli-
sions of projectiles with target atoms. For the moment it
is assumed that, in ionization of Si atoms up to a charge
g = 4, four electrons in the M shell play a main role,
while the L-shell and K-shell electrons play a minor role,
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FIG. 8. Secondary yields of Si*t ions are compared with a
multiple of the nuclear S,, and electronic Se stopping powers.
The solid circles denote the experimental results and the open
circles denote the calculated values of S278S..

and the ionization probability is proportional to the elec-
tronic stopping power S.. Figure 8 shows the comparison
between the experimental data of the secondary Si** ions
from the Si target and the calculated values [16] of S2-78
niltiplied by S.. Here the function S27® is arbitrarily
used to take account of the recoil process, because the
function explains well the Si*-ion yield. The calculation
reproduces rather well the experimental results, except
for the Ag projectiles. This indicates the importance of
the direct ionization by the primary ions. That is, the si-
multaneous process of ionization and recoil caused by the
projectiles probably produces the multiple-charged ions.

It is known in fact that multiple-charged recoil ions
are produced effectively in collision between energetic
highly charged ions and, for example, rare-gas targets
[20-22]. Although no complete understanding of multi-
ple ionization of atoms by energetic heavy-ion impact
is possible at present, some reasonable description of
such a process can be made in the framework of the
independent-electron model [20-22]. The model is ap-
plied in the incident-energy region several times higher
than the orbital velocities of the electrons being removed
and predicts that the multiple-charged ions are produced
through not only a pure-ionization process, but transfer
ionization in which the projectile captures electrons from
the target atom.

In the present experiment, the multiple-charged sec-
ondary ions were produced from the solid targets and
their yields correlate with the multiples of two factors
[18] of S, and S, as described above. It is then plausible
that the atoms on the surface are simultaneously ionized
and recoiled by the same projectiles. Thus it is worth
comparing the experimental results for the solid targets
with those for the gas targets and with the prediction by
the independent-electron model [20-22].

According to the independent-electron model [20-22],
the cross sections for multiple ionization of recoiled atoms
are given by the sum of cross sections for pure ioniza-
tion and ionization accompanying the electron-loss and
-capture processes and are expressed as

o(q,q;1) = / [';] Pi(1—Py)"izmbdb, (1)

where ¢ and ¢’ are the charges of projectiles before and
after the collision, respectively, ¢ is the charge of the re-
coiled ions, n is the number of electrons in the outer shell,
Py is the ionization probability of one of the outer-shell
electrons, and b is the impact parameter of collisions. For

TABLE I. Used parameters Py and rv (in nm) for elec-
tron-loss and -capture ionization processes (¢ # ¢') and Py (0)
and rv (in nm) for pure ionization (¢ = ¢’).

q q Py rv

2 2 0.019 0.049
2 3 0.028 0.036
4 3 0.034 0.007
q q Py (0) rv

2 2 0.035 0.033
4 4 0.040 0.055
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and Si+Si systems, respectively, and are normalized arbitrar-
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ionization accompanying the electron-loss and -capture
processes Py is assumed to be constant inside an impact
parameter ry and zero outside [22]. Then the cross sec-
tions for those processes are expressed as

s@did) = [T Fa-pign @

On the other hand, for pure ionization it is better to
assume that the parameter Py depends on the impact
parameter exponentially [22],

Py (b) = Py (0) exp(~b/rv), 3)

where Py (0) represents the ionization probabilities of the
outer-shell electrons at the impact parameter b = 0. Sys-
tematic experimental studies of the independent-electron
model are very few and it is difficult to fix the parameters
for our processes. As a first approach, we take the values
[22] for a Ne?t + Ne system at an energy of 1.05 MeV /u,
as given in Table I for incident charges of 2 and 4, but
change the number of the outer-shell electrons from 8 in
the Ne system to 4 for the present Si recoils.

The calculated results are plotted in Fig. 9 along with
the experimental data for the C-Si and Si-Si systems. It is
difficult to compare the calculated values quantitatively
with the experimental results by lack of reliable parame-
ters applied to the present collision systems. In addition,
it is possible for multiple-charged ions to change their
charges after the collisions on their passages through a
few atomic layers and on leaving the solid surface. How-

ever, the qualitative agreement between them implies
that the multiple-charged recoil ions are probably pro-
duced through the simultaneous process of ionization and
recoil caused by the projectiles. For further confirmation
it is necessary to measure the production cross sections
of the multiple-charged recoil ions for systematic incident
and recoiled species in a wide energy range of the projec-
tiles. It is also necessary to take into account more rigidly
the Auger ionization and charge-exchange processes: the
former for the excited recoils to suffer on leaving from
the surface and the latter inside the solid and in the at-
mosphere of sputtered atoms and clusters [23].

V. CONCLUSIONS

The secondary-ion yields have been measured for the
Si and SiO, targets bombarded by the C, Si, Ge, and
Ag projectiles over the wide energy range up to 10 MeV,
where the electronic collision becomes more prominent
than the nuclear collision in energy deposition even for
the Ag projectiles. The Si?* species with charges g up
to 4+ were clearly observed for all the collision systems.
The yields for the C projectiles are generally decreasing
functions of incident energy irrespective of the charge of
the secondary ions. On the other hand, for the Ag pro-
jectiles they increase with increasing energy except for
Sit. In addition, the yield ratios of Si?t (¢ = 2,3,4)
relative to Sit are higher for the light incident species
than for heavy species, and the yields of Si** increase
with increasing energy more rapidly than those of Si?*+
and Si3* for the heavy incident species. These facts re-
flect a large contribution of electronic energy depositions
in the formation of the multiple-charged ions. Indeed,
the experimental yields of the secondary Si** ions from
the Si target are well reproduced by the calculated val-
ues of §2-7® multiplied by S.. The qualitative reproduc-
tion is obtained moreover for the yield dependence on
the charges of secondary ions based on the independent-
electron model, which describes multiple ionization of
atoms by energetic heavy-ion impact. From these facts
we could conclude that the multiple-charged recoil ions
are produced through the simultaneous process of ioniza-
tion and recoil caused by the projectiles in the dominant
region of the electronic collision.
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