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Abstract

The useful yields of MCs1 and MCs2
1 clusters strongly depend on the stationary cesium surface concentration cCs

incorporated in the specimen during the primary bombardment. The Cation Mass Spectrometer (CMS) has been designed to
reach high MCsx

1 useful yields by allowing an optimization of cCs in an instrument providing a high transmission via a high
extraction field and a magnetic sector spectrometer. For this purpose the CMS instrument has been equipped by several newly
developed features, among which figures a sample stage and adapted collection optics allowing variations of the impact angle
of the primary beam on the specimen at a constant primary energy. These variations of the incidence angle imply changes of
the sputtering yield Y, which determines the Cs surface concentration according to cCs 5 1/(1 1 Y). In this paper, we will
study the improvement of secondary yields obtained on the CMS, in comparison with a classical Cameca IMS 4f, by making
use of precisely this possibility to vary the sputtering yield. On both machines, analyses were performed on six different
elements (B, F, Mg, S, As, and In) implanted in silicon samples. The observed variations of the useful yields are discussed in
terms of the stationary cesium surface concentration incorporated in the specimen during the primary bombardment.
Depending on the element, useful yield enhancements ranging from a factor 7 to a factor 80 can be observed between the CMS
and the Cameca IMS 4f. This finding can be explained by the fact that the CMS allows to reach lower stationary Cs surface
concentrations, which are close to the optimum value for the investigated samples. (Int J Mass Spectrom 209 (2001) 57–67)
© 2001 Elsevier Science B.V.
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1. Introduction

Because of its low detection limits and high dy-
namic range, secondary ion mass spectrometry
(SIMS) is a very sensitive technique for surface and
thin-film characterization. To reduce quantification

problems caused by the strong dependence of the
ionization probability of the secondary ions on the
sample composition (“matrix effect”) [1], SIMS anal-
yses are often performed by bombarding the sample
with Cs1 ions and detecting MCs1 clusters [2–6] and
MCs2

1 clusters [7,8] in the case of electronegative
elements, M being the element to be analyzed. The
quantitative potential of this method is understood
assuming that the MCs1 ions are generated by the* Corresponding author. E-mail: wirtzt@crpgl.lu

1387-3806/01/$20.00 © 2001 Elsevier Science B.V. All rights reserved
PII S1387-3806(01)00467-5

International Journal of Mass Spectrometry 209 (2001) 57–67



combination of a secondary neutral M0 with a resput-
tered Cs1 ion in the near surface region of the surface
[3,5,9]. Consequently, the emission process for the
species M is decoupled from the subsequent MCs1

ion formation process in analogy to the ion formation
in secondary neutral mass spectrometry resulting in a
drastic decrease of the matrix effect.

It has been shown that the MCs1 and MCs2
1 yields

strongly depend on the stationary cesium surface
concentration incorporated in the specimen during the
primary bombardment. An increasing Cs surface con-
centration can lower the electron work function below
a critical value, which is situated slightly below the
ionization energy of Cs. If this occurs, according to
the electron tunneling model for secondary ion for-
mation, the probability of secondary Cs1 ionization
and consequently the probability of MCs1 and MCs2

1

cluster formation strongly decreases [4,10–14].
The analysis of MCsx

1 clusters is currently per-
formed using dynamic SIMS instruments equipped
with a primary ion column delivering Cs1 ions in
order to incorporate Cs into the specimen. The Cs
surface concentration in the sample is determined by
the primary bombarding conditions (mainly the im-
pact energy and the incidence angle) which yield a
distinct total sputtering yield Y and consequently
determine the cesium surface concentration cCs ac-
cording to cCs 5 1/(1 1 Y). It is however not likely
that this, bombarding determined, Cs surface concen-
tration is equal to the optimum concentration for
highest MCsx

1 yields.
The (Cation Mass Spectrometer) instrument, which

is currently under development in the Laboratoire
d’Analyse des Mate´riaux, has been designed to opti-
mize the analysis of these MCs1 and MCs2

1 clusters
[15]. The CMS machine should lead to high MCs1

and MCs2
1 useful yields by allowing to reach an

optimum value of the mentioned stationary Cs surface
concentration while keeping the high transmission
tied to the use of a double focusing magnetic sector
spectrometer.

For this purpose the CMS instrument has been
equipped by several newly developed features:

1. Two primary ion guns delivering Cs1 and Ga1

focused ion beams respectively and which can be

operated simultaneously in order to adjust the Cs
proportion of the primary bombardment

2. A column delivering an adjustable flux of
neutral Cs which can be used with either (or both) of
the two mentioned ion guns

3. A sample stage and adapted collection optics
allowing variations of the impact angle of the primary
beam on the specimen at a constant primary energy.
These variations of the incidence angle imply changes
of the sputtering yield Y, which determines the Cs
surface concentration according to cCs 5 1/(1 1 Y).

In this paper we will study the improvement of
useful yields of MCsx

1 clusters obtained on the CMS
instrument, in comparison with a classical Cameca
IMS 4f, by making use of precisely this possibility to
vary the sputtering yield. On both machines, analyses
were performed at various sputtering yields on 6
different elements (B, F, Mg, S, As, and In) implanted
in silicon samples. The observed variations of the
useful yields are discussed in terms of the stationary
cesium surface concentration incorporated in the
specimen during the primary bombardment.

2. Experimental

A first description of the CMS instrument (Fig. 1)
and some preliminary results regarding the secondary
column and the surface ionization cesium gun have
already been published elsewhere [15].

The CMS instrument offers the possibility to work
at sputtering yields which can be varied over a large
scale while bombarding the sample with Cs1 primary
ions. This is due to the combination of two facts. On
the one hand the Cs1 column is mounted on the main
chamber at a relative large angle of 45° with respect
to the normal to the sample stage. The combination
between this geometric configuration and the devia-
tion effects exercised on the primary ions by the
extraction potential applied to the sample results in a
large incidence angle of the primary beam on the
sample. On the other hand, using the z motion of the
sample stage to change the distance d between the
sample surface and the extraction nose while keeping
the primary energy constant can easily provoke
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Fig. 1. Schematic representation of the CMS instrument.
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variations of this incidence angle. As a result, the
whole range of incidence anglesu lying between 60°
and 90° with respect to the normal to the sample
surface is accessible. As the sputtering yield Y is
known to reach its maximum value for a given impact
energy at an incidence angleumax situated between
60° and 80° and to decrease abruptly with increasing
u betweenumax and 90° [16,17], a large range of
sputtering yield values is accessible on the CMS
instrument.

For the present work, the CMS Cs1 ion gun was
operated at an accelerating energy of 8.5 keV. Since
the extraction voltage applied to the sample was 4500
V, the primary beam had an impact energy of 4 keV.
As the distance d between the sample surface and the
extraction nose can be continuously varied between
1.5 and 2.9 mm, the cited energetic conditions al-
lowed primary impact anglesu going from 69° to 90°
(Fig. 2). The values ofu were calculated by means of
SIMION ion optics simulations [18] taking into ac-
count all the geometrical factors, the ion trajectory
changes caused by the deflection plates situated in the
primary column and destined to position the ion beam
on the specimen and finally the electrostatic deflection
effects exercised by the polarized sample.

The primary beam was raster-scanned across a
rectangular area varying from 300mm 3 250 mm to
600mm 3 250mm with increasing incidence angleu.
Typical beam currents lay between 10 and 30 nA.
Secondary ions were accepted from a circular area on

the sample surface limited to a diameter of 52mm,
defined by an aperture centered with respect to the
scanning area. The mass spectrometer was operated at
a mass resolution of M/DM 5 300 and with an
energy band passDE 5 130 eV.

On the Cameca IMS 4f [19], analyses were per-
formed at two different sputtering yields. To do so,
the primary Cs1 column was operated at an acceler-
ating energy of either 6.5 or 10 keV. As the extraction
potential applied to the sample was maintained at
4500 V, the chosen conditions resulted in beam
impact angles of 59° and 42° respectively. The beam
current ranged from 10 to 20 nA and the beam was
raster scanned over an area of 250mm 3 250 mm.
The mass spectrometer was operated at a mass reso-
lution of M/DM 5 300 and the energy band pass was
maintained atDE 5 130 eV. The diameter of the
analyzed area was set to 33mm.

For the present study, depth profiles were per-
formed on the following three identical silicon wafers,
which were implanted with two elements each:

1. Si implanted with11B at 1016 cm22/300 keV and
19F at 1015 cm22/300 keV.

2. Si implanted with24Mg at 1015 cm22/300 keV
and115In at 1015 cm22/300 keV.

3. Si implanted with32S at 1016 cm22/300 keV and
75As at 1015 cm22/330 keV.
While fluorine was detected in the FCs2

1 mode be-
cause of its high electronegativity, the other elements
were analyzed as MCs1 clusters.

At the end of the analyses, the post-bombardment
craters were measured with a Tencor P-10 profilometer.

3. Results and discussion

For the Mg/In and S/As samples, sputtering yield
changes between 8.2 and 12.1 were obtained during
the analyses on the CMS machine. The corresponding
values of the distance d lay between 1.9 and 2.9 mm.
In the case of the B/F sample, measurements were
performed at distances ranging from 1.5 to 2.9 mm
leading to sputtering yield values between 6.9 and
12.1. For each sample analyses realized at a distance
d 5 2.5 mm led to the highest sputtering yield.

Fig. 2. Evolution of the incidence angleu with the distance d
between the sample surface and the extraction nose. The values of
u were calculated by means of SIMION ion optics simulations.
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Furthermore, this maximum sputtering yield was
found to be 12.1 for any of the three samples. Fig. 3
shows the evolution of the sputtering yield with the
distance d obtained on the Mg/In sample.

As for the Cameca IMS 4f, the chosen analysis
conditions led to two different sputtering yields. A
mean value of 6.4 was found after bombarding the
sample at an incidence angle of 42° and an impact
energy of 5.5 keV. The reduction of the impact
energy to 2 keV and the consequent rise of the
incidence angle to 59° resulted in a mean sputtering
yield of 7.4.

While the sputtering yield values obtained on the
Cameca IMS 4f are situated on the ascending part of
the curve tracing the variation of the sputtering yield
Y with respect to the impact angleu (Fig. 4), the CMS
instrument allows to explore the region surrounding
the summit of the curve as well as the steep decreas-
ing section on the right-hand side of the summit.

The useful yield of an element M detected as a
MCsx

1 cluster is defined

UY(MCsx
1) 5

number of detected MCsx
1 ions

number of sputtered M atoms
(1)

Considering implanted samples, this definition leads
to

UY(MCsx
1) 5

E
0

tfinal

I(MCsx
1 , t) z dt

w z S
(2)

where I (MCsx
1, t) represents the intensity of the

considered signal as a function of time, tfinal the
duration of the analysis,w the implanted dose of the
element M and S the surface of the analyzed area.

For each depth profile, the useful yields of the
interesting species were calculated as shown in for-
mula (2) and reported with respect to the correspond-
ing sputtering yield in Fig. 5.

Fig. 5 shows that the useful yields first consider-
ably increase with growing sputtering yields. This
enhancement, which takes place until the sputtering
yield reaches a value of approximately 9, can be
figured to two orders of magnitude for SCs1 and
AsCs1 and to one order of magnitude for BCs1,
MgCs1, InCs1, and FCs2

1. For sputtering yields
larger than 9, two main trends can be distinguished.
On the one hand, MgCs1 and InCs1 continue a steady
but less pronounced rise. On the other hand BCs1,
SCs1, AsCs1, and FCs2

1 exhibit a stabilization fol-
lowed by a slight final decrease, even though this last
behavior is not as clear for BCs1 as for the other three
clusters. Interestingly, the useful yield value of FCs2

1

which was calculated after the analysis performed at a
distance d of 1.5 mm and which corresponds to a
sputtering yield of 6.9 fits perfectly between the two
FCs2

1 useful yields obtained on the Cameca IMS 4f.
This finding confirms that a direct comparison be-
tween the useful yield values derived from analyses
performed on the two different instruments is possi-
ble. In this context transmission measurements real-
ized on both machines revealed sufficiently close
values to make a normalizing unnecessary. These
measurements showed furthermore that the transmis-
sion factor of the CMS instrument stays constant for
distances d ranging from 1.9 to 2.7 mm and that it
changes very little (maximum 5%) for smaller respec-
tively larger values of d [15].

To facilitate a comparison between the perfor-
mances of the CMS on the one side and the Cameca
IMS 4f on the other side, the maximum useful yields
reached on both instruments for the considered spe-
cies are compiled in Table 1. Depending on the
element, useful yield enhancements ranging from a
factor 7 to a factor 80 can be observed between the
CMS instrument and the Cameca IMS 4f.

Fig. 3. Variation of the sputtering yield Y against the distance d
obtained during experiments on the Mg/In implanted Si sample.
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Fig. 4. Heavy-ion sputtering yields in the keV energy region as a function of angle of incidence. Dash-and-dot curve represents the prediction
of Sigmund [16]. The dotted curves are drawn only to guide the eye. From [17], with permission of the authors and Springer-Verlag.
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To discuss the observed evolution of the useful
yields with the sputtering yield, some theoretical
considerations regarding the formation processes of
MCsx

1 clusters have to be made.
MCs1 clusters are formed by an atomic combina-

tion of a neutral M0 and a Cs1 ion sputtered in the
same single event [3,5,9]

M0 1 Cs13 MCs1 (3)

Consequently, the measured intensity of MCs1 clus-
ters can be expressed by

I(MCs1) 5 Ip z Y2 z cM z cCs z bCs
1

z gM02Cs1 z hMCs1 (4)

where Ip is the primary current, Y is the sputtering
yield, cM gives the surface concentration of the
element M, cCs is the stationary Cs surface concen-
tration,b1

Cs represents the ionization probability of a
sputtered Cs atom,gM02Cs1 is a factor describing the
recombination probability between, in this case, the
independently sputtered M0 and Cs1 and hMCs1

summarizes the geometry, transmission, and detection
efficiency of the MCs1 cluster.

Fig. 5. Compilation of the useful yields determined for the six analyzed species versus the corresponding sputtering yield. While the results
obtained on the CMS instrument are represented with plain symbols (for MCs1) or stars (for FCs2

1), those calculated from Cameca IMS 4f
analyses are shown with open symbols (for MCs1) or crosses (for FCs2

1). The dotted curves are drawn only to guide the eye.

Table 1
Comparison between the maximum useful yields obtained on the
CMS and the Cameca IMS 4f for the six analysed species

Species UY (CMS) UY (IMS 4f)

BCs1 3,63 1025 5,13 1026

MgCs1 3,33 1023 1,43 1024

AsCs1 1,53 1024 4,13 1026

InCs1 3,83 1023 1,83 1024

FCs2
1 1,13 1023 1,03 1024

SCs1 4,43 1025 5,73 1027
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Concerning the MCs2
1 clusters, three different

formation processes were proposed [7]

M0 1 Cs2
13 MCs2

1 (5)

MCs0 1 Cs13 MCs2
1 (6)

M2 1 Cs1 1 Cs13 MCs2
1 (7)

While the first mechanism seems to be dominating in the
case of an electropositive element M, the last two
become important for electronegative elements and thus
increase their useful yield [7,12]. The MCs0 occurring in
the formation process (6) results from the neutralization
of a MCs1 ion by electronic capture [20].

The signals corresponding to the MCs2
1 clusters

originating from the three considered mechanisms can
be written respectively [20,21]

for (5): I(MCs2
1) 5 Ip z Y3 z cM z cCs

2 z bCs
1

z (1 2 bCs
1 ) z gCs02Cs1 z gM02Cs2

1 z hMCs2
1 (8)

for (6): I(MCs2
1) 5 Ip z Y3 z cM z cCs

2 z bCs
12 z e

z gM02Cs1 z gMCs02Cs1 z hMCs2
1 (9)

for (7): I(MCs2
1) 5 Ip z Y3 z cM z cCs

2 z bM
2

z bCs
12 z gM22Cs12Cs1 z hMCs2

1 (10)

In analogy with relation (4),g represents the respec-
tive recombination probability andh regroups the
geometry, transmission, and detection efficiency. The
factor e appearing in reaction (9) denotes the proba-
bility of a neutralization of a MCs1 cluster by
electronic capture.

The number of sputtered atoms of the element M
figuring in formula (1) can be expressed as

n(M) 5 E
0

tfinal Ip

e0
z Y z cM(t) dt

5
Ip

e0
z Y z E

0

tfinal

cM(t) dt (11)

e0 is the elementary charge, tfinal is the total sputtering
time, and cM(t) is the concentration of the element M
which is a function of depth, and thus of sputtering
time t, in the case of implanted atoms.

Considering expressions (4), (8), (9), and (10)
regarding the MCsx

1 signals on the one hand and
relation (11) concerning the number of sputtered M
atoms on the other hand, the following relations for
the useful yield can be deduced from formula (1)

for (3): UY(MCs1) 5 k1 z Y z cCs z bCs
1 (12)

for (5): UY(MCs2
1) 5 k2 z Y2 z cCs

2 z bCs
1 z (1 2 bCs

1 )

(13)

for (6): UY(MCs2
1) 5 k3 z Y2 z cCs

2 z bCs
12 z e (14)

for (7): UY(MCs2
1) 5 k4 z Y2 z cCs

2 z bCs
12 z bM

2 (15)

The factors ki regroup the recombination probabilities
g and the efficiency factorsh intervening in the respec-
tive formation processes and are consequently indepen-
dent of the stationary Cs surface concentration cCs.

Fig. 6 traces the evolution of the useful yields of
the MCsx

1 clusters scaled to Yx with the stationary Cs
surface concentration cCs. This normalization of UY
(MCsx

1) with respect to Yx eliminates the natural
increase of the useful yield with a growing sputtering
yield and allows to discuss the observed variations in
terms of cCs. The quantity cCs was derived from the
sputtering yield Y by applying

cCs 5
1

1 1 Y
(16)

In analogy to Fig. 5 two main trends can be noticed.
The useful yields of MgCs1 and InCs1 decrease on
the whole range with growing cCs. This decrease
becomes much more pronounced once a cCs of 0.10 is
exceeded. Contrary to these two species, the useful
yields of BCs1, AsCs1, SCs1, and FCs2

1 first
slightly rise until they reach a maximum value at
cCs values lying between 0.08 and 0.10. Once cCs

grows larger than 0.10, the useful yields of the four
species exhibit a steep decrease. Between the men-
tioned critical value of 0.10 and the maximum
value of cCs reached in the present study, the
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decrease of the useful yields can be figured to two
orders of magnitude for SCs1 and AsCs1 and to
one order of magnitude for BCs1, MgCs1, InCs1,
and FCs2

1. While the analyses on the Cameca IMS
4f led to stationary Cs surface concentrations
higher than the mentioned critical value, the exper-
imental conditions chosen on the CMS allowed to
lower cCs below this critical value.

To explain this experimentally observed behavior,
the theoretical evolution of the MCs1 and MCs2

1

signals with the stationary Cs surface concentration
has been traced in Fig. 7. This graph is valid for
samples consisting of an element M to be analyzed
and present in any concentration, a variable amount of
Cs and any other species (matrix, minors, . . .). The
dashed curves show the evolution of the MCsx

1

signals with growing stationary Cs surface concentra-
tion if only the influence of cCs and the concentration
of the analyzed species M cM are considered. The

final straight curves are obtained after additionally
taking into account the evolution of the ionization
probabilityb1

Csof a sputtered Cs atom. According to
the electron tunneling model for secondary ion emis-
sion,b1

Cs should exhibit an exponential dependence
on the work functionF of the sample onceF
becomes lower than a critical value [10,11,22,23]

bCs
1 } *

1, if F $ I

expS2
I 2 F

e0
D , if F , I

(17)

where I is the ionization potential of Cs ande0 is an
experimental parameter considered to scale with the
normal component of the secondary ion’s emission
velocity [11,24].

The critical value for the work function implies a
critical value for the stationary Cs surface concentra-
tion, which depends on the considered sample.

Fig. 6. Variation of the useful yields of the considered MCsx
1 clusters normalized to the respective sputtering yields Yx. Plain symbols (for

MCs1) or stars (for FCs2
1) refer to the CMS instrument, open symbols (for MCs1) or crosses (for FCs2

1) stand for the Cameca IMS 4f. The
dotted curves are drawn only to guide the eye.
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In Fig. 6 this signal fall off due to the drastic
decrease ofb1

Cs can be observed for any of the six
species. Furthermore, the summit as well as the
beginning of the descending part of the curve to the
left of the maximum are visible for BCs1, AsCs1,
SCs1, and FCs2

1. Consequently, an optimum cCs

value seems to be within reach on the CMS instru-
ment for these four species. In contrast to the prece-
dent clusters, the useful yields of MgCs1 and InCs1,
exhibit no summit on the explored cCs range. Indeed,
though the only weak slopes of the respective curves
seem to indicate the proximity of the maximum, the
cCs values obtained on the CMS during the present
work still seem too large to reach the exact optimum.

An analogous behavior can be observed for the
respective curves of two elements coming from the
same sample: they evolve in a more or less parallel

way and they present their maximum at slightly the
same cCs value. The differences between these opti-
mum cCs values might be explained by slightly
different work functions of the three considered sam-
ples even before the incorporation of Cs.

To confirm the results of the present study and to
expand it to materials with different work functions,
and thus different critical cCs values, it is indispens-
able to gain access to a larger range of possible cCs

values, which is the object of present studies on the
CMS instrument. The CMS offers this possibility to
choose cCs freely by decoupling the Cs deposition
from the primary bombardment conditions. As a
matter of fact, neutral Cs can be deposited in adjust-
able quantities by means of the specially developed
Cs evaporator while the sample surface is sputtered
with, at present, a Ga1 ion gun. This decoupling

Fig. 7. Theoretical evolution of the MCs1 and MCs2
1 signals with the stationary Cs surface concentration cCs for any kind of sample. The

dashed curves were calculated by considering only the influence of cCs and the concentration of the analyzed species M cM. The final straight
curves are obtained after additionally taking into account the evolution of the ionization probabilityb1

Cs of a sputtered Cs atom. The critical
value of cCs depends on the considered sample and was chosen arbitrarily for the present graph.
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procedure allows to optimize both the MCsx
1 useful

yields (by fixing cCs) and other parameters like the
depth resolution (by choosing the primary bombard-
ment conditions).

4. Conclusion

Useful yields of six different elements implanted in
Si wafers and detected in the MCsx

1 modus were
determined on the CMS and on the Cameca IMS 4f.
On both machines analyses were performed at various
sputtering yields by changing the primary bombard-
ment conditions (incidence angle on the CMS and
primary energy and incidence angle on the Cameca
IMS 4f) in order to monitor the evolution of the useful
yields with the stationary Cs surface concentration.
Depending on the element, useful yield enhancements
ranging from a factor 7 to a factor 80 can be observed
between the CMS instrument and the Cameca IMS 4f.
This finding can be explained by the fact that com-
pared to the Cameca IMS 4f, the CMS allows to reach
lower stationary Cs surface concentrations which are
close to the optimum value for the investigated samples.
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