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Abstract

In the present work a positive secondary ion emission from a silicon produced pywiectiles (m= 1-3) with energies
of E, = 9 and 18 keV and by Al projectiles (m= 1,2) with energies of E= 6, 9, 12, and 18 keV have been studied.
Anomalous high nonadditivity of sputtering as large clustérins (n> 4) under molecular Afj ion bombardment has been
found. As compared with heavy (A projectiles, the light (A},) projectiles are not effective for sputtering of large cluster
ions. For molecular Aj, ion bombardment nonadditivity of sputtering of small clustef $ns (n < 4) increases with
decreasing of the energy,Brom 9 to 6 keV/atom. This effect shows that the efficiency of nonadditive sputtering strongly
depends on the penetration depth of molecular projectile and, hence, on the energy density deposited by molecular project
into subsurface layers of the target from which the cluster ion emission occurs. (Int J Mass Spectrom 209 (2001) 141152
© 2001 Elsevier Science B.V.
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1. Introduction molecular projectile and in a sputtered particle, re-
spectively). It is a common practice to quantitatively
During the past years processes of solid sputtering describe this enhanced sputtering process using a
by molecular projectiles have been studied actively nonadditivity factor K;, ; (or an enhancement factor),
[1,2]. Such studies are of both fundamental and which can be defined as:
applied interest. It is well known that the bombard-
ment of heavy metals [3-5] as well as a silicon [6] by K., ; = Y, /mY; for the total sputtering yield;
heavy molecular projectiles with energies of £ Kmi= Ynam/mY,, forthe separate components of
10-250 keV/atom leads to a nonlinear increase in the sputtering.
total sputtering yield Y¥,. Here, Y, = 2, Y, ,,is the
yield of all sputtered particles in both neutral and In this case, the yields Y, Y, ., Y, and Y, ; have to
charged states (m and n are numbers of atoms in abe measured for projectiles with the same velocities.
As was found in [3-6], the values of K =
Y ,/2Y, does not exceed several units. For example, in
* Corresponding author. E-mail: belikh@uia.ua.ac.be [4] the Bi-Bi, nonadditivity factor K , for the total
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gold sputtering yield Y ,, was found to be 2.5 at 30
keV/atom and 3.9 at 45 keV/atom.

To interpret these experimental observations
[3H6], it has often been assumed that nonlinear
regimes of sputtering described by a shock wave
model [7], a thermodynamical model [8], or a colli-
sion spike model [9], led to the nonadditivity of the
process. However, theoretical models [7-9] are not
capable of explaining al features of nonadditive
sputtering. To clarify the reasons for nonadditive
sputtering it is necessary to know the factors K, ; for
separate components of sputtering, including neutral
and charged clusters with n atoms.

In the past decade, a method of neutral particle
detection based on laser post ionization of sputtering
neutral products and time-of-flight mass spectrometry
was developed. Using this method, the emission of
neutral atom and cluster was studied in a series of
experiments [10-14] where it has been found that
neutral atoms dominate in the total yield of secondary
particles. Hence, determined in [3-6], nonadditivity
of yields Y, is mainly defined by nonadditive sput-
tering of neutral atoms. However, in experiments
[10-14], the atomic ions were used only as projec-
tiles. Therefore, nonadditive sputtering in the form of
neutral clusters till has to be studied.

Information on nonadditive sputtering of both
atomic and cluster ions from different kinds of targets
can been found in [15-26]. For keV energy range of
polyatomic projectiles fundamental studies of second-
ary ion emission from organic, inorganic, and metal
targets have been carried out by the groups of Del-
more [15], Le Beyec and Schweikert [16], and Cooks
[17]. They found that both nonadditivity of sputtering
and the fragmentation of secondary ions depend
strongly on the projectile parameters. The efficiency
of nonadditive sputtering increase with the rise of the
incident energy Eq, the mass M of projectile, and the
number m of atoms in projectile [15-17] while the
degree of fragmentation is proportional to the factor
m/v, where v is the velocity of the primary ion [17].
For the very large energy range of projectiles (4
keV/atom < E, < 10 MeV/atom), important results
were obtained by Le Beyec's group [18-21]. They

observed the strong nonadditive effectsin emission of
large clusters from inorganic and organic solids under
bombardment by heavy polyatomic projectiles of
MeV energy [18] as well as by ones of keV energy
[19]. Recently, they found a genera experimental
trend, according to which both the maximum rate of
ion emission [21] and the highest total sputtering yield
Y 1, [19] are observed at much lower velocity than the
velocity of the maximum nuclear stopping power. For
Au, projectiles, this velocity corresponds to the
energy of 30 keV/atom. These results show clearly
that the features of nonadditive sputtering and the
well-known peculiarities of linear sputtering process
produced by atomic ion bombardment are different.

It should be note that in [15-21], nonadditive
sputtering was studied only for separate secondary
atomic or polyatomic ions. Such an experimental
approach limits the possibilities of measurements due
to it does not permit to study the peculiarities of
nonadditive sputtering for different secondary ions
sputtered from the same target (for example, for small
and large cluster ions of the same element) in identical
sputtering conditions. However, nonadditive sputter-
ing originates from the interaction between molecular
projectiles and the subsurface region of solids and,
therefore, the efficiency of such a process must
depend not only on the parameters of projectiles but
also on the species of sputtered particles.

In this context, it is interesting to study the nonad-
ditive sputtering of a wide variety of secondary ions
using molecular projectiles with low energy (E, < 10
keV/atom). Detailed studies of nonadditive sputtering
of various T, (n = 1-13), Nb. (n = 1-16), and Si,,
(n = 1-17) ions under bombardment of Ta, Nb, and
Si targets by atomic and molecular Au,, ions (m =
1-3) with the energy of E, = 6 and 9 keV/atom were
carried out in [22-26,28—-30]. The results of these
works show that the main peculiarities of nonadditive
sputtering are determined by both the parameters of
projectiles and the species of sputtered particles. Let
us represent the some of them.

e There are two different mechanisms of cluster ion
emission for small (n = 4) and large (n > 4)
clusters.
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e The efficiency of fragmentation of sputtered ions
increases with the rise of cluster size and the
number m of atoms in projectile.

e Sputtering of all the mass spectra components is
nonadditive.

e The nonadditivity factors K, are different for
different ion components in the sputtered flux. The
value of K, increases strongly with the cluster
size and for given n increases with the rise of m.

It was found that for atomic ions the nonadditivity
factors K, are dlightly greater than 1, while for
cluster ions, K., ; increases sharply with the rise of the
cluster size. For n > 5thevaluesK,,, ; reach 100—700.
This dramatic increase of the nonadditivity of the
cluster ion emission for increasing n and m values has
been called “the effect of anomalously high nonaddi-
tivity of sputtering in the form of large cluster ions
under bombardment of metals and semiconductors by
molecular projectiles’ [23-26].

Possible origins of a large neutral cluster (n > 4)
emission were considered in [27], where a theoretical
model capable of describing peculiarities of the pro-
cess was proposed. In this model the binding energy
between atoms in the impact region of sputtered
metals is used as fitting parameter. A comparison of
experimental data [14] (mass spectra of the Al,,, Ag,,
Nb,,, and Ta, neutra clusters sputtered from the Al,
Adg, Nb, and Tatargets by atomic Ar™ projectiles with
the energy of 5 keV) with the calculated ones [27]
shows a satisfactory agreement if well-known tabled
values of the binding energy are used. It is important
that the experimental results obtained in [23-25] for
Nb. and Ta, cluster ions can be directly compared
with calculations of the model [27] because, as it was
shown in [28], the anomalous high nonadditivity of
sputtering in the form of large Nb and Ta cluster
ions (N > 4) under molecular ion bombardment
originates from nonadditive sputtering rather than
processes associated with the charge state formation
of sputtered particles. In the case of the molecular ion
bombardment, such a comparison gives a good agree-
ment when the smaller values of the binding energy
are used [27]. This postul ated feature of the molecular
ion bombardment was confirmed experimentally. In-

deed, in [29] an analysis of kinetic energy distribu-
tions of Nb™ and Ta" ions sputtered from Nb and Ta
targets by monomer, dimer, and trimer Au,, projec-
tiles shown the decrease of the binding energy in
going from the monomer projectiles to the dimer and
trimer ones. Thus, the results [23-29] highlight the
important role of the binding energy decrease, in-
duced by the heavy molecular bombardment in non-
additive sputtering formation. The possible reason for
the decrease of the binding energy can be connected
with the electronic subsystem excitation in metals
produced by molecular projectile bombardment [30].

The mentioned above results [18—26,28—-30] have
been obtained under the bombardment of various
targets by heavy molecular projectiles. Until now,
there are no systematic studies of nonadditive sput-
tering of solids by light molecular projectiles. For
heavy and light molecular projectiles there are strong
differences in the solid penetration as well as in the
energy loss of primary ions. That is why it is inter-
esting to compare the characteristics of nonadditive
sputtering under bombardment of the same target by
atomic and molecular projectiles of light and heavy
elements in identical experimenta conditions.

In this work, for the first time, the relative yields
Y, m: Mass spectra Y (n), and nonadditivity factors
Kmy Of the secondary atomic and cluster Sij ion
emission from a silicon produced by heavy [Aug,
(m = 1-3)] projectiles with energies of E; = 9 and
18 keV and by light [Al,(m = 1,2) and Si,, (m =
1-3)] projectiles with energies of E; = 6, 9, 12, and
18 keV have been measured. The comparison and
discussion of the results obtained, as well as the
analysis of the experimental conditions, leading to the
more effective generation of sputtered atomic and
cluster ions are presented.

2. Experimental

Two experimental setups were used to study a
secondary ion emission. The first home made exper-
imental secondary ion mass spectrometry (SIMS)
instrument used was described earlier in detall
[23,25]. To study the cluster ion emission under
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atomic and molecular ion bombardment, a modified
standard magnet mass spectrometer was equipped
with negative Al,, and Au,, cluster ion sources [31],
a primary ion column, a target assembly, and a
secondary ion optical system. The column included a
mass separator and an optical system for primary ions.
In the present experiments, the Al,, (m = 1,2) and
Au,, (m = 1-3) ions bombarded the target at an
incidence angle of 45°. The incident energy E, of
primary ions was 6, 9, 12, and 18 keV. The current
density, j, of projectiles had a typical value of j ~
10° Alem?.

Monocrystalline silicon was chosen as a target
because silicon is the basic materia for the semicon-
ductor technology. The specific resistance, p, of this
metallike semiconductor sample was p = 7 Qcm.
The cleaning procedures included both the heating
and the ion sputtering of the target. To get a clean Si
sample, it was heated up to a temperature of about
1400 K and it wasthen cleaned by the Au™ or Al ion
bombardment during several hours. The yields of
SIO™" ions sputtered from the Si surface by Au™ or
Al™ projectiles were controlled before and after the
cleaning procedures. They were observed to drop by
more than two orders of magnitude after the cleaning
procedures applied. Since the probability of chemical
reactions increases on hot solid surface, we believe
that this drop in the SIO" yield indicates a corre-
sponding decrease in the oxygen concentration on the
target surface. The Si surface prepared in such a way
was believed to be “clean surface”. During the mea-
surement, the temperature of the Si target was main-
tained at 1400 K also and the residual pressure did not
exceed the value of 1 X 10> Pa. The mass spectra
Y (n) of secondary ions were measured by magnetic
scanning. To make a comparison between the relative
yields of secondary ions, their intensities were nor-
malized according to the ratio of the corresponding
primary ion currents.

The second experimental set up was a standard
Cameca IMS 4f instrument. The cesium sputter ion
source developed in the framework of NATO SIP
Project 97.1929 [32] was mounted directly on a
Cameca IMS 4f instrument in the place of the stan-
dard duoplasmatron source without any additional

ion-optical system. The Si,, primary ion flux is
generated during bombardment of a silicon target by
Cs* ions with the energy of 7.5 keV (the Cs" ion
current was 60 wA). The primary accelerating voltage
was —7.5 kV. The mass spectrum of the primary ion
beam from the sputter ion source using the silicon
target consists of the Si, ion (m = 1-6) peaks.
Typical primary Si,, ion currents (as measured with
the primary Faraday Cup of the instrument) were 5.6,
2.8,and 0.48 nA for S, Si;, Siz and 85, 28, and 6.3
pA for Si,, Sig, and Sig ions. The secondary accel-
erating voltage applied to a silicon target was +4.5
kV. So, the impact energy E, of primary Si,, projec-
tiles was 12 keV. The primary silicon atomic and
cluster beams focused on the sample surface to a spot
size of a 60um. The raster-scanned area was in the
range (150 um)? In these experiments, a silicon
target had the room temperature.

3. Results and discussion

The results obtained are represented in following
consequence. Firstly, the comparative study of sec-
ondary ion emission from a silicon target produced by
atomic and molecular projectiles of heavy (Au) and
light (Al) elements are discussed in Sec. 3.1. Sec-
ondly, analysis of sputtering conditions that allows
obtaining larger yields of secondary ions is given in
Sec. 3.2. Finally, the peculiarities of the secondary ion
emission from silicon produced by atomic, dimer, and
trimer Si,, projectiles are presented in Sec. 3.3.

3.1. The comparative study of secondary ion
emission from silicon produced by Au,,(m = 1-3)
and Al,(m = 1,2) projectiles

The normalized mass spectra Y(n) of secondary
Si ions sputtered from the silicon target by Aup,
(m = 1- 3) projectiles with energy E, = 9 and 18
keV and by Al (m = 1,2) projectiles with energy
E, = 6,9, 12, and 18 keV in the identical experimen-
tal conditions are presented in Figs. 1(a) and 1(b),
respectively.

As can be seen from Fig. 1(a), under Au—, Au,,
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Fig. 1. Mass spectra Y (n) of secondary Si ions sputtered from a silicon target by atomic and molecular projectiles: (a) Au, projectiles (m =
1-3) with the energies of 9 and 18 keV; (b) Al projectiles (m = 1,2) with the energies of 6, 9,12, and 18 keV.
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and Auz ion bombardment, mass spectra show peaks
that correspond to the sputtered S\ ions with n up to
n = 17. The efficiency of the large cluster sputtering
increases strongly with the rise of both the incident
energy Ej and the number m of atoms in the projectile.

It is interesting that under Al™ and Al; ion
bombardment [Fig. 1(b)], mass spectra show peaks
that correspond only to the Si; ionswith n < 4. Thus,
the bombardment of silicon by light atomic Al~ and
molecular Al; projectiles does not lead to sputtering
of large cluster ions (n > 4).

By using these data, one can estimate the ratios
between the yields of atomic and large cluster ions.
For the range of 4 = n = 10, these ratios
Y 1 m2e24Y o m(18 keV) have the following values: 5.4
and 0.59 for Au™ and Aug projectiles and 100 and 84
for Al™ and Al; projectiles, respectively. Therefore,
in changing from atomic Au~ ion bombardment to
molecular Auz bombardment, an essential increasein
the contribution of large clusters to the total yields of
charged particles is observed. On the contrary, Al™
and Al projectiles are considerably less effective for
cluster ion generation. In connection with this, further
comparison of results obtained under bombardment of
silicon by heavy and light projectiles will be made for
secondary ions with n < 4.

The bombardment by molecular ions can result in
nonadditive effects that manifest themselves as a
nonlinear dependence of the emission yields on the
number m. As mentioned previously, the nonadditive
effect is described by the nonadditivity factor K., ;.
The different forms of dependence of K, ; on cluster
size are shown in Figs. 2(a) and 2(b). In the case of
Au,,, bombardment with the energy of E; = 9 keV/
atom for atomic Si™ ions, K, is 2.5 [see Fig. 2(3)].
This value of K, ; is consistent with the well-known
data obtained for total sputtered yield Y, [3—-6] or
(see Sec. 1) for the yield of sputtered neutral atoms.
For cluster ion emission, a dramatic increase of K, ;
with the rise of cluster size was determined. For
example, for Si; and Sig cluster ions, the values of
K., are equal to K,; = 40 and K, ; = 200, respec-
tively. Thus, these results demonstrate the effect of
the anomalous high nonadditivity of Si; cluster ion
sputtering under bombardment of silicon by molecu-

lar Aup, projectiles with the energy of E; = 9 keV/
atom. The effect increases with cluster size.

In the case of Al,, bombardment with the same
energy per atom in projectile, for atomic Si* ions the
valueK, ; is 1.7 [see Fig. 2(b)], while, as compared to
the Aup, ion bombardment, for cluster ion emission,
we have much smaller values of K, ;. For instance, for
Si; cluster ions the value of K, ; is only 2.

Thus, a comparison of results obtained for Si; ions
sputtered from silicon by Au,, and Al projectiles
with the energy of E, = 9 keV/atom shows that under
the Au,,, bombardment the nonadditive effect in clus-
ter ion emission is much higher than that under the
Al,, bombardment.

The essential difference in the nonadditive effect
may be connected with the peculiarities of an inter-
action of heavy and light projectiles with a silicon
lattice. Indeed, for heavy atomic projectiles, the col-
lision cross-section with Si atoms is great and the
projectile energy E, is basically deposited within
several subsurface layers of a lattice. This corre-
sponds to optimal conditions of a large cluster gener-
ation, which are justified by the results of molecular
dynamics simulations of cluster emission in sputtering
[33,34]. Bombardment by heavy molecular projectiles
leads to the formation of an “impact” region near the
target surface. It isimportant that constituent atoms of
projectile move together in the target matter because
there is the strong difference in masses of Au and Si
atoms (M,,, => Mg). Such a correlated movement of
constituent atoms of Au,, projectile leads to the
essentid increase of the energy density deposited into
the impact region. One can modify properties of this
region and stimulate the origin of anomaous high
nonadditivity of sputtering of large cluster ions. Possible
variants of a modification of lattice properties under the
molecular bombardment are discussed in Sec. 1.

The bombardment of silicon by light atomic pro-
jectiles with the same energy E, is characterized by
the small value of the collision cross section. The light
projectiles penetrate deeper into a lattice and their
energy E, is deposited, in general, far away from the
target surface. In this case, as compared to heavy
atomic ion bombardment, the yield of cluster sputter-
ing decreases. Bombardment by light molecular pro-
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jectilesmay lead also to the formation of aregion with
modified properties. However, as compared to heavy
molecular ion bombardment, the energy density de-
posited by constituent atoms of light molecular pro-
jectile is smaller because these atoms are scattered
effectively and do not move together in the target
matter (M5, = Mg). Moreover, such a region is
located deep below the surface. These factors must
decrease the energy density deposited by Al projec-
tile into subsurface layers of the target and, therefore,
the efficiency of nonadditive sputtering. Thus, in the
framework of such a consideration, the nonadditivity
of sputtering must depend on the energy density
deposited by molecular projectile into several subsur-
face layers of the target from which the secondary
cluster ion emission occurs. The energy density is
proportional to a product E,L %, where L is the
penetration depth of projectile (L ™! decreases in a
complicated way with the rise of the incident energy

Ey). In this context, for any given combination *“mo-
lecular projectile-target” exists the optimal value of
the incident energy E, (keV/atom) which leads to
maximum of K.

Such an explanation was confirmed by the results
that were obtained under the bombardment of silicon
by Al™ and Al projectileswith the energy of E, = 6
keV/atom. As shown in Fig. 2(b), the decrease in
energy from E, = 9 to 6 keV/atom leads to a small
increase in the nonadditive factor K ; for atomic Si™
ions and to a dramatic one for cluster Si, ions.
Indeed, for Si* and Si; ions the values of K, are
equal to K,; = 2.1 and K, ; = 25, respectively.

The reasons for the increase in the factor K, ; with
the decrease in E, can be illustrated by resultsin Fig.
3 where the dependence of secondary Si;\ ion yields
Y,w/M on energy Ey/m are presented. Here Y, ,/m
and Ey/m are the yield and the energy, respectively,
reduced to one atom in projectile. Indeed, for Al™



SF. Belykh et al./International Journal of Mass Spectrometry 209 (2001) 141-152 149

(m = 1) monomer bombardment, the yields Y, , of
al Si; ions (n = 1-4) sharply increase with the rise
of energy E, from 6 to 9 keV, and then with the
further rise of E, from 9 to 18 keV they remain
unchanged or dlightly increase. For Al;, (m = 2)
dimer bombardment, the sharp increase in Y, /m is
observed within the range of smaller values of Ej/m
(3-4.5 keV/atom), and then for the further increase in
Ey/m from 4.5 to 9 keV/atom the changein'Y, ,/m s
small. Thus, the essential decrease in the nonadditiv-
ity factor K, , with the rise Ey/m is connected with the
difference in the energy ranges where the sharp
increase in Y,, /m is observed under monomer and
dimer bombardment. According to datain Fig. 3, the
larger differencein Y, /mis observed for E/m = 6
keV/atom.

It is important to note that with the rise of Eg, the
increase in yields of all secondary Si\ ions is ob-
served under both atomic and molecular bombard-
ment. In other words, yields of secondary ions depend
on the incident energy E, deposited by projectilesinto
the target. Alongside with this, the decrease in the
nonadditivity factors K,, with the rise of Ey/m
indicates that the efficiency of nonadditive sputtering
depends not only on the incident energy E, but also on
the penetration depth of projectiles. The decrease of
the penetration depth allows the energy deposited by
molecular projectile to be concentrated in the region
near the target surface where the change of lattice
properties can stimulate the enhancement of nonaddi-
tive sputtering of atomic and cluster ions. This con-
clusion isjustified by the comparison of the yields of
secondary ions sputtered by atomic and molecular
projectiles with the same energy E,. Indeed, in this
case, energies deposited in the target matter by atomic
and molecular projectiles are equal while the yields of
secondary ions sputtered under molecular bombard-
ment essentially exceed the corresponding yields
measured under atomic bombardment.

3.2. Analysis of sputtering conditions leading to the
larger yields of secondary ions

As mentioned above, silicon is the basic material
for the semiconductor technology. That is why the

search of experimental conditionsleading to the larger
yields of secondary ions from silicon is considered of
practical interest. From this point of view it is inter-
esting to compare the relative yields of secondary Si;t
ions not only for the same energy E, per atom in
projectile, but also for different used values of E,.

From the analysis of mass spectra presented in
Figs. 1(a) and 1(b), one can detect the following main
peculiarities:

e The ratios of secondary ion yields from silicon
depend on both the projectile parameters and the
species of sputtered particles. They strongly in-
crease with the rise of the incident energy E,, the
mass of constituent atom in projectile, the number
m of atoms in projectile as well as the number n of
atoms in sputtered particle. For Aug (18 keV) and
Au~ (9 keV) projectiles the ratios of yields for Si™,
Si;, and Sig ionsare: Y, 5(18 keV):Y (9 keV) =
13.7:1, Y,3(18 keV):Y,,(9 keV) = 235:1, and
Y63(18 keV):Yg (9 keV) = 1750:1 respectively.
Under Al,,, bombardment, these ratios for Si™ and
Si; ions are much less: Y, (18 keV) : Y;4(9
keV) = 35: 1 and Y, (18 keV) : Y,,(9 keV) =
41:1

e For Au,, projectiles with the given energy of E, =
18 keV, the ratios of ion yields increase sharply
with the rise of n. For Si*, Siy, Sig, and Sij, ions
these ratios reach the following values. Y
Y10=68:1,Y,3:Y,4,=37:1Yg3:Yg; =
105 : 1, and Yp3 : Yy, =536 : 1. For Al
projectiles with the same energy, the ratios of ion
yields increase only dlightly with the rise of n.
For S and Si; ionstheseratiosare: Y1,:Y,; =
23:1land Y,,:Y,, =271

e For given projectile energy E,, the ion yields
increase with the rise of m. For Au,, projectiles
with energies of E; = 9 and 18 keV, the ratios of
the Siy ionyieldsare Y, 53:Y,,: Y, =19:4:
landY,3:Y,,:Y,, = 37:10: 1, respectively.
For Al projectiles with the energies of E; = 9 and
18 keV, the corresponding ratios of Si; ion yields
aeonly: Yy, i Yy, =225 1and Y, ,: Y, =
277: 1.
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The analysis of sputtering conditions leading to the
increase of the secondary ion emission from asilicon
under bombardment by heavy and light atomic and
molecular projectiles can be used for a prediction of
main sputtering features for the other combination
“projectile target”. As an example, one can illustrate
the features of secondary ion emission from a silicon
produce by Si, projectiles (m = 1—3) with the en-
ergy of E5 = 12 keV.

3.3. Secondary ion emission from silicon produced
by S, projectiles (m = 1-3)

A second experimental set up (Cameca IMS 4f
instrument) was used for a study of the relative yields
and the mass spectra of positive secondary ions
sputtered from a silicon by Si—, Si;, and Si; projec-
tiles with the energy of E, = 12 keV. All mass
spectra obtained consist of peaks corresponding to the
principal components of the target matter [atomic and
cluster Si. ions (n = 1—5)], theimpurities present in
the sample (C*, O, Na*, Al*, P*, K*, and Ca*
ions) and the complex molecules (SIO* and SIOH™
ions). A comparison of these data shows the following
general trends[see Figs. 4(a) and 4(b)]. Secondary ion
yields normalized according to the ratio of the corre-
sponding primary ion currents are increased, asarule,
in going from the atomic ion bombardment to the
dimer and trimer bombardment. Yields of impurity
and complex molecular ions increase up to a factor of
5-12 while yields of atomic and cluster Si, ions
increase up to a factor of 1.5-3 only have been
observed when silicon is bombarded with Si3 instead
of Si™. The difference in yield enhancements of these
ions may be connected with afact that impurity atoms
and complex molecules, as compared with Si atoms,
have a smaller binding energy on the silicon surface.
Thus, results obtained correspond approximately to
the previously mentioned conclusions (see Sec. 3.2).
They confirm the trend according to that sputtering of
light targets by both atomic and molecular projectiles
of light elements does not lead to the effective
emission of large cluster ions. Results related to the
more effective increase in yields of impurity and
complex molecular ions, as compared to the atomic

and cluster Si} ions, can be useful for practical
applications, for example, for SIMS elementa analy-
sis. Indeed, for given incident energy E,, the use of
molecular ions as projectiles instead of single atomic
ions would be much more effective for analytical
measurements of low-level impurities on Si surface.

4. Concluding remarks

Comparative studies of secondary ion emission
from silicon produced by atomic and molecular pro-
jectiles of heavy and light elements have been carried
out. The results obtained demonstrate the strong
nonadditive effect in cluster Si;; ion sputtering (n =
1-17) under the bombardment by heavy molecular
(Au,,) projectiles with energy of 9 keV/atom. This
effect manifests itself in the mass spectra as a dra-
matic increase in the relative yield of large cluster
ions with the rise of cluster size and the number of
atoms in projectile. As compared with the heavy
molecular Au,,, ions, the bombardment of silicon by
light molecular (Al5) projectiles with the same energy
of 9 keV/atom does not lead both to sputtering of
large cluster ions (n > 4) and to the strong nonaddi-
tive effect in sputtering of small cluster ions (n < 4).
Thus, the Al projectiles (m = 1,2) are not effective
for large cluster ion emission. It is shown that the
decrease in the energy of Al,, projectiles from 9 to 6
keV/atom leads to the strong increase in the efficiency
of nonadditive sputtering of small cluster ions. This
indicates that the efficiency of nonadditive sputtering
depends not only on the incident energy E, deposited
by molecular projectile but also on the penetration
depth of the projectile. The decrease in the penetration
depth leads to the increase of the energy density
deposited by molecular projectile into subsurface
layers of the target from which the cluster ion emis-
sion occurs. Analysis of results obtained shows that
the yield of a given sputtered ions increases with the
rise of the incident energy E,, the mass of constituent
atom of projectile as well as the number m of atoms
in projectile.
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Fig. 4. Dependence of the normalized yields of different sputtered ions on the number m of atoms in the Si, projectiles (m = 1-3): (a) Sit
ions(n = 1-5); (o) C*, O, Na", Al*, P",K*, Ca", SIO", and SIOH" ions. The impact energies for all projectiles used are equal to 12 keV.



152 SF. Belykh et al./International Journal of Mass Spectrometry 209 (2001) 141-152

Acknowledgements

The authors are grateful to NATO for the support
of this work through a Science for Peace grant
(Project SfP 97.1929). Moreover, S.F. Belykh, V.V.
Palitsin, and A. Adriaens thank the financia support
from IVAP H/10, University of Antwerp (BOF) and
FWO (Belgium), respectively. S.F. Belykh thanks to
Prof. V.E. Yurasova (Moscow State University, Rus-
sia) for stimulating discussions and attention to this
work. S.F. Belykh and V.V. Palitsin were formerly
members of Arifov Ingtitute of Electronics, Tashkent,
Uzbekistan.

References

[1] Y. LeBeyec, Int. J. Mass Spectrom. lon Processes 174 (1998)
101.
[2] H.H. Andersen, Mat. Fys Medd. K. Dan. Vidensk. Selsk. 43
(2993) 127.
[3] H.H. Andersen, H.L. Bay, J. Appl. Phys. 45 (1974) 953.
[4] S.S. Johar, D.A. Thompson, Surf. Sci. 90 (1979) 319.
[5] D.A. Thompson, Radiat. Eff. 56 (1981) 105.
[6] H.H. Andersen, H.L. Bay, Radiat. Eff. 19 (1973) 139.
[7] S. Bitensky, E.S. Parilis, Nucl. Instrum. Method Phys. Res. B
21 (1987) 26.
[8] H.M. Urbassek, Nucl. Instrum. Method Phys. Res. B 31
(1988) 79.
[9] P. Sigmund, C. Claussen, J. Appl. Phys. 52 (1981) 990.
[10] SR. Coon, W.F. Cdaway, M.J. Pdlin, G.A. Curlec, JM.
White, Nucl. Instrum. Method Phys. Res. B 82 (1993) 329.
[11] A. Wucher, M. Wahl, H. Oechner, Nucl. Instrum. Method
Phys. Res. B 82 (1993) 337.
[12] A. Wucher, M. Wahl, Nucl. Instrum. Method Phys. Res. B
115 (1996) 581.
[13] S.R. Coon, W.F. Calaway, M.J. Pellin, JM. White, Surf. Sci.
298 (1993) 161.
[24] Z. Ma, SR. Coon, W.F. Caaway, M.J. Pdlin, E.I. Von
Nagy-Felsobuki, J. Vac. Sci. Technol. A 12 (1994) 24.
[15] A.D. Appelhans, J.E. Delmore, Anal. Chem. 61 (1989) 1087.
[16] M.G. Blain, S. Della-Negra, H. Joret, Y. Le Beyec, E.A.
Schweikert, Phys. Rev. Lett. 63 (1989) 1625.

[17] O.W. Hand, T.K. Magumdar, R.G. Cooks, Int. J. Mass
Spectrom. 97 (1990) 35.

[18] K. Baudin, A. Brunell, S. Della-Negra, D. Jacquet, P. Hakans-
son, Y. Le Beyec, M. Pautrat, R.R. Pinho, Ch. Schoppmann,
Nucl. Instrum. Method Phys. Res. B 112 (1996) 59.

[19] H.H, Andersen, A, Brunelle, S. DellaNegra, J. Depauw, D.
Jacquet, Y. Le Beyec, J. Chaumont, H. Bernas, Phys. Rev.
Lett. 80 (1998) 5433.

[20] M. Benguerba, A. Brunelle, M.G. Blain, E.A. Schweikert, G.
Ben Assayang, P. Sudraud, Nucl. Instrum. Method Phys. Res.
B 62 (1991) 8.

[21] A. Brunelle, S. Della-Negra, J. Depauw, D. Jacquet, Y. Le
Beyec, M. Pautrat, K. Baudin, H.H, Andersen, Phys. Rev. A
63 (2001) 22902.

[22] SF. Belykh, I.S. Bitensky, D. Mullganov, U.Kh. Rasulev,
Nucl. Instrum. Method Phys. Res. B 129 (1997) 451.

[23] SF. Belykh, U.Kh. Rasulev, A.V. Samartsev, S.V. Verkho-
turov, 1.V. Veryovkin, Mikrochimica Acta, Suppl. 15 (1998)
379.

[24] SF.Belykh, U.Kh. Rasulev, A.V. Samartsev, |.V. Veryovkin,
Nucl. Instrum. Method Phys. Res. B 136-138 (1998) 773.

[25] S.F.Belykh, B. Habets, U.Kh. Rasulev, A.V. Samartsev, L.V.
Stroev, 1.V. Veryovkin, Nucl. Instrum. Method Phys. Res. B
164-165 (2000) 809.

[26] SF. Belykh, U.Kh. Rasulev, A.V. Samartsev, L.V. Stroev,
A.V. Zinoviev, Vacuum 56 (2000) 257.

[27] SFF. Belykh, V.I. Matveev, |.V. Veryovkin, A. Adriaens, F.
Adams, Nucl. Instrum. Method Phys. Res. B 155 (1999) 409.

[28] SF.Belykh, V.V. Palitsin, A.V. Zinoviev, |.V. Veryovkin, A.
Adriaens, F. Adams, Proceedings of the XV Internationa
Conference on lon-Surface Interaction (ISI-2001), Zvenig-
orod near Moscow, Russia (in press).

[29] SF.Belykh, V.V.Pditsin, A.V. Zinoviev, |.V. Veryovkin, A.
Adriaens, F. Adams, Book of Abstracts XIV SIMS Workshop
2001, Arizona, USA Surf. Sci. 488 (2001) 141.

[30] S.F. Belykh, I.A. Wojciechowski, V.V. Pdlitsin, A.V. Zi-
noviev, A. Adriaens, F. Adams, Surf. Sci. (2001) (in press).

[31] SF. Belykh, R.N. Evtukhov, JN. Lysenko, U.Kh. Rasulev,
Rev. Sci. Instrum. 63 (1992) 2458.

[32] Development of a negative cluster ion source for mass
spectrometry of secondary ions and secondary neutrals.
NATO SfP Project No 97. 1929.

[33] Th.J. Colla, H.M. Urbassek, A. Wucher, C. Staudt, R. Hein-
rich, B.J. Garrison, C. Dandachi, G. Betz, Nucl. Instrum.
Method Phys. Res. B 143 (1997) 284.

[34] G. Betz, W. Husinsky, Nucl. Instrum. Method Phys. Res. B
102 (1995) 281.



