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Abstract

To optimize the advantageous quantification technique consisting in analyzing MCsx
+ clusters, the Laboratoire d’Analyse

des Matériaux (LAM) has developed a new instrument specially dedicated to performing this kind of analysis. The Cation
Mass Spectrometer (CMS) instrument leads to high MCsx

+ useful yields by allowing to reach an optimum value of the
stationary Cs surface concentration, which is known to be a very critical parameter in MCsx

+ analysis due to its strong
influence on the probability of secondary Cs+ ionization. The present work focuses on the potential of the CMS instrument
to vary the stationary Cs concentration over a large range and the benefits concerning the MCsx

+ useful yields resulting
from this possibility. Analyses were performed on three different samples (Al, Si, Ni) while modifying the impact angle of
the primary Cs+ beam and in the Cs+–Ga+ cobombardment mode. These techniques are shown to be complementary with
respect to the covered ranges of cesium concentrations resulting in a complete range going from quasi 0 to some 30%. The
observed variations of the useful yields are discussed in terms of the stationary Cs concentration produced during the analysis
and the consequent variations of the Cs+ ionization probability provoked by work function shifts which were determined by
in-situ measurements. A comparison between the performances of the CMS and those of classic Cameca instruments shows,
depending on the element, useful yield enhancements up to a factor 90 mainly due to work function conditions resulting in
high Cs+ ionization probabilities.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although Secondary Ion Mass Spectrometry
(SIMS) is a very sensitive technique for surface and
thin-film characterization because of its low detection
limits and high dynamic range, it often suffers from se-
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rious quantification problems caused by the so called
“matrix effect”. This matrix effect, which stands for
the strong dependence of the ionization probability
of the secondary ions on the sample composition[1],
can be circumvented by working in the MCsx

+ mode.
With this technique, the analyses are performed by
bombarding the sample with Cs+ ions and detecting
MCs+ clusters[2–6] and MCs2+ clusters[7,8] in the
case of electronegative elements, M being the ele-
ment to be analyzed. The quantitative potential of this
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method is understood assuming that the MCs+ ions
are generated by the combination of a secondary neu-
tral M0 with a resputtered Cs+ ion in the near surface
region of the surface[3,5,9]. Consequently, the emis-
sion process for the species M is decoupled from the
subsequent MCs+ ion formation process in analogy to
the ion formation in secondary neutral mass spectrom-
etry resulting in a drastic decrease of the matrix effect.

It has been shown that the MCs+ and MCs2+ yields
strongly depend on the stationary cesium surface con-
centration 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 forma-
tion, the probability of secondary Cs+ ionization and
consequently the probability of MCs+ and MCs2+

cluster formation strongly decreases[4,10–14].
The analysis of MCsx+ clusters is currently per-

formed using dynamic SIMS instruments equipped
with a primary ion column delivering Cs+ ions in order
to incorporate Cs into the specimen. In this case, the
primary bombardment conditions (mainly the impact
energy and the incidence angle) as well as the charac-
teristics of the investigated specimen imply a distinct
total sputtering yieldYand consequently determine the
cesium surface concentrationcCs according tocCs =
1/(1+ Y ). It is however not likely that this, bombard-
ing determined, Cs surface concentration is equal to
the optimum concentration for highest MCsx

+ yields.
The Cation Mass Spectrometer (CMS) instrument

has been designed to optimize the analysis of these
MCs+ and MCs2+ clusters[15]. The CMS machine
leads to high MCs+ and MCs2+ useful yields by al-
lowing 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.

In a recent work[16], we studied the behavior of
MCsx

+ cluster useful yields with respect to cesium
concentration variations obtained by sputtering yield
changes resulting from different impact angles of the
primary Cs+ beam. While this technique allowed to

reach only cesium concentrations above a minimum
value corresponding to the highest possible sputter-
ing yield, this paper will focus on the potential of
the CMS instrument to vary the stationary Cs surface
concentration over a large range by using the already
mentioned variations of the impact angle of the pri-
mary Cs+ beam and by working in the Cs+–Ga+

cobombardment mode. These techniques are shown
to be complementary regarding the covered ranges of
cesium concentrations resulting in a complete range
going from quasi 0 to some 30%. Analyses were per-
formed on three different samples (Al, Si, Ni) which
were mainly chosen for their work function values.
The observed variations of the useful yields are dis-
cussed in terms of the stationary Cs concentration
and of the resulting work function shifts which were
determined by in-situ measurements.

2. Experimental

The design and the main characteristics of the
CMS have already been published in previous works
[15,16].

The desired changes of the stationary Cs surface
concentration were obtained by applying two primary
bombardment techniques. The first one consisted in
bombarding the sample with a Cs+ beam and using
the z motion of the CMS sample stage in order to
modify the distanced between the sample surface
and the extraction nose and hence the impact angleθ ,
which is defined with respect to the surface normal,
of the primary beam on the specimen[16]. Earlier
measurements have shown that the transmission of
the spectrometer is only weakly affected by changes
of the distanced [15]. These variations ofθ imply
changes of the sputtering yieldY, which determines
the Cs concentration. The CMS Cs+ surface ionization
gun was operated at a constant 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 distanced between the sample
surface and the extraction nose varied for the present
work between 1.7 and 2.9 mm, the cited energetic
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Fig. 1. Evolution of the incidence angleθ with the distanced between the sample surface and the extraction nose. The values ofθ were
calculated by means of SIMION ion optics simulations.

conditions allowed, as shown inFig. 1, primary im-
pact anglesθ going from 69 to 86◦ (values calculated
by SIMION ion optics simulations[17]). The primary
beam was raster-scanned across a rectangular area
varying from 230�m× 220�m to 480�m× 220�m
with increasing incidence angleθ . Typical beam cur-
rents lay between 25 and 40 nA. For these series of
measurements, secondary ions were accepted from a
circular area on the sample surface limited to a diam-
eter of 42 or 52�m, defined by an aperture centered
with respect to the scanning area. The mass spectrom-
eter was operated at a mass resolution ofM/�M =
300 and with an energy bandpass�E = 130 eV.

The second analysis technique consisted in running
simultaneously the Cs+ ion gun and the field emission
Ga+ source installed on the CMS[16]. While a first
surface is raster-scanned with a Cs+ beam, a second
surface, which is concentric with the first one, is cov-
ered with a Ga+ beam (Fig. 2). This operating mode
allows to vary the Cs concentration by adjusting the
Cs proportion of the primary bombardment in order to
reach lower Cs concentrations compared to analyses

performed with a pure Cs bombardment. The men-
tioned Cs proportion can be varied by adapting the
bombardment densities of the Cs+ and/or Ga+ ions,
respectively. For these measurements, the distanced
was maintained constant at 2.5 mm and the sample po-
tential was fixed at 4500 V. The Ga+ gun was operated
at an accelerating energy of 28 keV and delivered cur-
rents ranging from 2.8 to 4.0 nA at an impact angle of
54◦. The Ga+ beam was raster-scanned across an area
lying between 70�m×70�m and 190�m×190�m.
Concerning the Cs+ gun, it was used at an accel-
erating energy of 8.5 keV resulting in an impact

Fig. 2. Principles of the Cs+–Ga+ cobombardment technique.
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angle of 74◦. The Cs+ currents lay between 15 and
30 nA. To obtain important variations of the Cs+

bombardment density, the beam was raster-scanned
over a large number of different areas ranging from
210�m × 230�m to 1800�m × 2400�m. For the
measurements in the cobombardment mode, a field
aperture was set to accept secondary ions from a
circular area of 23�m in diameter on the sample sur-
face centered with respect to both the Cs+ and Ga+

scanning areas. The mass spectrometer was again op-
erated at a mass resolution ofM/�M = 300 and with
an energy bandpass�E = 130 eV.

To measure the energy distributions of the secon-
dary ions in both primary bombardment modes in
order to determine work function shifts, the target
potential was ramped around the 4500 V value while
the remaining secondary beam optics were maintained
unchanged. This ramping can be done on the CMS
with a minimum step of 0.05 V providing a good accu-
racy of the measurements. The energy slit was closed
to a bandpass�E = 2–3 eV and secondary ions
were accepted from a circular area of 42�m in dia-
meter.

For the present study, depth profiles and energy
spectra were performed on Al, Si and Ni samples.
These elemental samples were mainly chosen because
of the different values of their work function:ΦAl =
4.28 eV,ΦSi = 4.85 eV,ΦNi = 5.15 eV[18].

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

3. Results and discussion

3.1. Accessible range of Cs concentrations

The variation of the incidence angleθ under a pure
Cs+ bombardment at a constant impact energy implies
important sputtering yield changes. The Al sample
leads to the highest sputtering yields among the three
samples which were studied, with values ranging from
2.7 to 13.0. For the Ni sample, sputtering yields be-
tween 2.2 and 11.6 are reached. The Si sample shows

the lowest sputtering yields, with values between 3.0
and 9.7. The sputtering yield curves for the three sam-
ples exhibit a quite flat summit which is situated be-
tween 2.4 and 2.8 mm. According to the SIMION ion
optics simulations (Fig. 1), this distance range should
correspond to incidence anglesθ lying between 70 and
75◦, which is consistent with experimental and theo-
retical results predicting a maximum of the sputtering
yield occurring between 60 and 80◦ [19].

Considering simple retention models, the stationary
Cs concentrationcCscan be derived from the measured
sputtering yield by applying[20,21]:

cCs = 1

1 + Y
(1)

One should however notice that the absolute value of
cCs may differ from the value calculated with the first
order approximation (1) at high Cs concentrations
[22].

Fig. 3 shows the evolution of the Cs concentration
with respect to the distanced for the three samples.
As d decreases from 2.9 to 2.2 mm for any of the three
samples, there are only little variations ofcCs. This
finding is due to the fact that these distances corre-
spond to a range of incidence anglesθ (69–77◦) around
the summit of the sputtering yield curve and imply
thus only very little changes of the sputtering yield.
Once d becomes lower than 2.2 mm, the increasing
incidence angle (77–86◦) allows to explore the steep
decreasing section located on the right-hand side of
the summit of the sputtering yield curve. As a conse-
quence, the stationary Cs concentration in the sample
rises.

The highest Cs concentrations that could be reached
in the present study are situated between 25 and 30%.
The minimum value ofcCs under a pure Cs+ bom-
bardment is a consequence of the maximum value of
the sputtering yield and depends thus on the sample.
While Al leads to the lowest reachable minimum with
7.1%, the minimums for Ni and Si are 8.0 and 9.4%,
respectively.

To gain access to lower Cs concentrations than
the mentioned minimum values reached while modi-
fying the incidence angle, further analyses were
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Fig. 3. Evolution of the Cs concentration with respect to the distanced between the sample surface and the extraction nose under a pure
Cs+ bombardment for the three investigated samples.

performed in the Cs+–Ga+ cobombardment mode.
This technique consists in bombarding the sample
simultaneously with Cs+ and Ga+ ions and adapting
the proportion between both current densities in order
to obtain lower Cs concentrations compared to those
reached with a pure Cs+ bombardment. To charac-
terize the analysis conditions, we define a parameter
η giving the proportion of Cs+ ions contained in the
primary bombardment:

η = jCs

jCs + jGa
(2)

jCs and jGa represent the Cs+ and Ga+ bombardment
densities, respectively.

Whileη = 0 corresponds to a simple Ga+ bombard-
ment and thus tocCs = 0, η = 1 refers to a pure Cs+

bombardment and will thus lead to the highest possible
Cs concentration for the chosen analysis conditions,
which are fixed in the present study by the incidence
angleθ through the distanced. The distanced was
therefore fixed at 2.5 mm, which, as was discussed ear-
lier, was shown to be the center value of the distance
range leading to the lowest Cs concentrations for a
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given series of measurements. As a consequence, both
primary bombardment techniques will be complemen-
tary, as the maximum Cs concentration reached with
the Cs+–Ga+ cobombardment method corresponds to
the minimum Cs concentration obtained while using
a pure Cs+ bombardment and varying the incidence
angle of the primary beam on the sample.

After each analysis in the cobombardment mode,
the stationary Cs concentration during the analysis was
calculated using the following relation:

cCs = nCs

nM + nCs + nGa
(3)

nM represents the number of matrix atoms contained
in the analyzed volume which was derived from the

Fig. 4. Evolution of the Cs concentration with respect to the Cs proportionη obtained in the Cs+–Ga+ cobombardment mode for the three
investigated samples.

crater depth, the diameter of the analyzed field and the
target density.nCs andnGa give the numbers of Cs and
Ga atoms introduced into this same volume during the
analysis and are calculated considering the bombard-
ment densities of the respective ion beams, the diam-
eter of the analyzed field and the bombardment time.

The evolution of the obtained Cs concentrations
with respect to the parameterη for the three samples
is represented inFig. 4. These curves show that the
cobombardment technique allows to vary the Cs con-
centration continuously from 0 to a maximum value
which depends on the impact angle and energy of the
Cs+ beam and of course on the sample.

As a consequence, the two different analysis tech-
niques which were used in the present work are
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complementary and allow to cover a continuous range
of Cs concentrations going from 0 up to some 25–30%.

3.2. Influence of cCs on the MCsx+ signals

3.2.1. Results
The next step will now consist in studying the

behavior of the measured secondary ions while vary-
ing the Cs concentration over the accessible range.

For a large number of different Cs concentrations,
we performed depth profiles on the three studied
samples while detecting the Cs+, Cs2+, MCs+ and
MCs2

+ signals, where M designates the matrix ele-
ment. An exception nevertheless had to be made for
the Ni sample, as the NiCs2

+ cluster could not be de-
tected because of its mass which exceeds the allowed
maximum of 300.

The useful yield of an element M detected as a
MCsx

+ cluster is defined as follows:

UY(MCsx
+) = number of detected MCsx

+ ions

number of sputtered M atoms
(4)

On the other hand, the useful yield of the measured
Csx+ clusters is given by

UY(Csx
+) = number of detected Csx

+ ions

number of Cs+ ions incorporated into the analyzed volume
(5)

For each depth profile, the useful yields of the in-
teresting species were calculated for the stationary
regime as shown in formulas (4) and (5) and reported
with respect to the corresponding Cs concentration in
Fig. 5a–cfor the respective samples.

Fig. 5a shows the existence of a critical Cs con-
centration of approximately 7% for the Al sample.
This optimum concentration leads to maximum use-
ful yields of 4.8 × 10−4 for AlCs+, 1.8 × 10−5 for
AlCs2

+, and 6.1 × 10−3 for Cs2+. If cCs becomes
lower or larger than the optimum value, the AlCs+,
AlCs2

+ and Cs2+ useful yields decrease quickly. In
the case of a Cs concentration exceeding its critical
value to tend to the highest possible value that could
be reached, a decrease of a factor 40 for AlCs+ and
of 3–4 orders of magnitude for AlCs2

+ and Cs2+ can
be noticed. On the other hand, the Cs+ useful yield

stays stable around a value of approximately 0.3 until
the critical concentration of 7% is reached and drops
by some 2 orders of magnitude at high concentra-
tions.

A similar behavior can be noticed for the Si sample
(Fig. 5b). The optimum concentration is found at about
10% and the maximum useful yields are 7.3 × 10−5

for SiCs+, 1.0× 10−5 for SiCs2+, and 2.6× 10−3 for
Cs2

+. Again, an important decrease can be observed
for the SiCs+, SiCs2+ and Cs2+ useful yields if the Cs
concentration becomes lower or higher than its critical
value. Similarly to what was noticed for the Al sample,
the Cs+ useful yield determined for the Si sample
stays stable around 0.3 until the critical concentration
of 10% is reached and decreases by more than 2 orders
of magnitude afterwards.

The Ni sample finally exhibits quite a different
behavior (Fig. 5c). On the one hand, for Cs con-
centrations lower than the optimum value which is
approximately 8%, one can still notice the same trend
as for Al and Si, namely a decrease of the NiCs+

and Cs2+ useful yields and a constant value around
0.3 for the Cs+ useful yield. On the other hand, if
the critical Cs concentration is exceeded, the drop of

the useful yields is far less pronounced than in the
case of Al and Si. As a matter of fact, the useful yields
determined at a concentration of 31% are only a factor
2–3 lower than their maximum values in the case of
Cs+ and NiCs+ and a factor 16 in the case of Cs2

+.
The maximum values of the useful yield were found
to be 2.1× 10−4 for NiCs+ and 3.0× 10−3 for Cs2+.

3.2.2. Discussion
To discuss the observed evolution of the useful

yields with the Cs concentration in general and the
differences in behavior between the studied samples
in particular, some theoretical considerations regard-
ing the formation processes of Csx

+ and MCsx+

clusters have to be made.
The intensity of secondary Cs+ ions can be written

as
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Fig. 5. (a) Useful yields determined for the Al sample as a function of the Cs concentration. (b) As (a), but for the Si sample. (c) As (a),
but for the Ni sample.
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Fig. 5. (Continued).

I (Cs+) = Ip · Y · cCs · β+
Cs · ηCs+ (6)

where Ip is the primary current,Y gives the sputter-
ing yield, cCs is the stationary Cs concentration,β+

Cs
represents the ionization probability of a sputtered
Cs atom, andηCs+ summarizes the transmission and
detection efficiency of the Cs+ ion.

On the other hand, Cs2
+ clusters are assumed to be

formed via recombination of a neutral Cs and a Cs+

ion in the near-surface region of the target[7,12,23]:

Cs0 + Cs+ → Cs2
+ (7)

The measured intensity of Cs2
+ clusters can there-

fore be expressed by

I (Cs2
+) = Ip · Y 2 · (cCs)

2 · β+
Cs ·

(1 − β+
Cs) · γCs0–Cs+ · ηCs2+ (8)

γCs0–Cs+ is a factor describing the recombination pro-
bability between, in this case, the independently spu-
ttered Cs0 and Cs+.

MCs+ clusters are formed by an atomic combina-
tion of a neutral M0 and a Cs+ ion sputtered in the
same single event[3,5,9]:

M0 + Cs+ → MCs+ (9)

cM being the concentration of the matrix element M,
the measured intensity of MCs+ clusters can therefore
be expressed by

I (MCs+) = Ip · Y 2 · cM · cCs ·
β+

Cs · γM0–Cs+ · ηMCs+ (10)

Concerning the MCs2+ clusters, three different for-
mation processes were proposed[7]:

M0 + Cs2
+ → MCs2

+ (11)

MCs0 + Cs+ → MCs2
+ (12)

M− + Cs+ + Cs+ → MCs2
+ (13)

While the first mechanism seems to be dominating in
the case of an electropositive element M, the last two
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become important for electronegative elements and
thus increase their useful yield[7,12]. The MCs0 oc-
curring in the formation process (12) results from the
neutralization of an MCs+ ion by electronic capture
[23].

The signals corresponding to the MCs2
+ clusters

originating from the three considered mechanisms can
be written respectively[23,24]:

for (11) : I (MCs2
+) = Ip · Y 3 ·

cM · (cCs)
2 · β+

Cs · (1−β+
Cs) ·

γCs0–Cs+ · γM0–Cs2+ ·
ηMCs2

+ (14)

for (12) : I (MCs2
+) = Ip · Y 3 · cM · (cCs)

2 ·
(β+

Cs)
2 · ε · γM0–Cs+ ·

γMCs0–Cs+ · ηMCs2
+ (15)

for (13) : I (MCs2
+) = Ip · Y 3 · cM · (cCs)

2 ·
β−

M · (β+
Cs)

2 ·
γM−–Cs+–Cs+ · ηMCs2

+

(16)

The factorε appearing in relation (15) denotes the
probability of a neutralization of a MCs+ cluster by
electronic capture.

The numbers of Cs and M atoms resputtered from
the target during the analysis can be expressed as
follows:

n(Cs) = Ip

e0
· Y · cCs · t (17)

n(M) = Ip

e0
· Y · cM · t (18)

e0 is the elementary charge andt denotes the total
sputtering time.

Considering expressions (6) and (8) giving the Csx
+

intensities on the one hand and relation (17) concern-
ing the number of sputtered Cs atoms on the other
hand, the following relations for the useful yield can
be deduced from (5):

UY(Cs+) = β+
Cs · ηCs+ (19)

UY(Cs2
+) = Y · cCs · β+

Cs · (1 − β+
Cs) ·

γCs0–Cs+ · ηCs2+ (20)

In analogy, referring to expressions (10), (14)–(16)
regarding the MCsx+ signals and relation (18) giving
the number of sputtered M atoms, the MCsx

+ useful
yields defined by (4) can be written as

for (9) : UY(MCs+) = Y · cCs · β+
Cs ·

γM0–Cs+ · ηMCs+ (21)

for (11) : UY(MCs2
+) = Y 2 · (cCs)

2 · β+
Cs ·

(1 − β+
Cs) · γCs0–Cs+ ·

γM0–Cs2+ · ηMCs2
+ (22)

for (12) : UY(MCs2
+) = Y 2 · (cCs)

2 · (β+
Cs)

2 · ε ·
γM0–Cs+ · γMCs0–Cs+ ·
ηMCs2

+ (23)

for (13) : UY(MCs2
+) = Y 2 · (cCs)

2 · β−
M · (β+

Cs)
2 ·

γM−–Cs+–Cs+ ·
ηMCs2

+ (24)

Relation (19) indicates that the useful yield of Cs+ is
directly proportional to the ionization probability of
secondary Csβ+

Cs. As a consequence, it can be con-
cluded fromFig. 5a–cthat β+

Cs stays constant until
a critical value of the Cs concentration is reached. If
one assumes that under these conditions the totality of
sputtered Cs is ionized, i.e.,β+

Cs = 1, the instrumental
transmission factor of the CMS instrument can be de-
termined to be between 30 and 35%. Furthermore, the
observed drop of the Cs+ useful yield happening at
Cs concentrations higher than the critical value can be
explained by a decrease of the ionization probability
β+

Cs.
The situation for Cs2+ and the MCsx+ clusters is

more complex. In addition to their dependence on
the ionization probabilityβ+

Cs, the Cs2+ and MCs+

useful yields are proportional to the Cs concentra-
tion cCs ((20) and (21)) and the sputtering yieldY,
while the MCs2+ useful yields vary like(cCs)

2·Y2
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((22)–(24)). The decrease of the Cs2
+ and MCsx+

useful yields at Cs concentrations lower than the crit-
ical value, which is a consequence of this proportion-
ality to cCs or (cCs)

2, can be interpreted as a lack of
available Cs atoms to form the respective clusters. On
the other hand, the decrease of the Cs2

+ and MCsx+

useful yields at Cs concentrations above the critical
value indicates that the rise ofcCs is not sufficient to
counterbalance the combined decrease of the ioniza-
tion probabilityβ+

Cs and of the sputtering yieldY.
The observed drop of the ionization probabilityβ+

Cs
should be due to a decrease of the work function below
a critical value as a consequence of Cs incorporation.
According to the electron tunneling model for sec-
ondary ion emission,β+

Csshould exhibit an exponential
dependence on the work functionΦ of the sample once
Φ becomes lower than a critical value[10,11,25,26]:

β+
Cs ∝

∣∣∣∣∣∣
1, if Φ ≥ I

exp

(
−I − Φ

ε0

)
, if Φ < I

(25)

I is the ionization potential of Cs andε0 is an experi-
mental parameter considered to scale with the normal
component of the secondary ion’s emission velocity
[11].

3.3. Determination of work function shifts

To check the validity of the explanation given above
in the case of our experiments, we performed in-situ
measurements of the work function shifts. To do so,
energy spectra were recorded at various Cs concen-
trations using both primary bombardment techniques.
As a matter of fact, shifts of the work function are
detected as a variation of the contact potential be-
tween the sample and the electrostatic analyzer and
they provoke in consequence shifts of the secondary
ion energy spectra.

Preliminary experiments and earlier studies[27]
showed that the work function shifts can be equally
deduced from Cs+ and MCs+ energy spectra. In this
study, we chose to record energy spectra of secondary
Cs+ ions. To determine with precision the work func-
tion shifts the spectra are normalized and displayed

in a linear scale. The treated spectra obtained for each
one of the three samples are represented inFig. 6a–c
for the pure Cs+ bombardment with variations of the
distanced and inFig. 7a–cfor the Cs+–Ga+ cobom-
bardment mode with variations of the parameterη.
These graphs show that the whole distributions are
shifted with respect to the energy axis while their
shape remains essentially unchanged. In order to mea-
sure these shifts most accurately, the steeply rising
low energy parts of the distributions were fitted with
tangents whose intercepts with the energy axis were
taken as a marker of the spectrum’s position[27–29].

The obtained work function shifts�Φ for each
of the three investigated samples are reported with
respect to the Cs concentrationcCs in Fig. 8. The
energy value determined from the spectrum recorded
in the Cs+–Ga+ cobombardment mode atη = 0.01
is set as origin of the work function scale, as it corre-
sponds to the lowest Cs concentration reached during
our experiments. In order to merge in a same plot
the work function shifts obtained by both primary
bombardment techniques, the value corresponding to
d = 2.5 mm taken out of the pure Cs+ bombardment
series was superposed to the one referring toη = 1
coming from the Cs+–Ga+ cobombardment series as
the two mentioned primary bombardment conditions
and thus the Cs concentrations are strictly identical.

The maximum decreases of the work function de-
termined for the three samples are quite different. As
a matter of fact, while shifts of−2.5 eV atcCs = 0.29
and−2.2 eV atcCs = 0.25 were found for the Al and
Si samples, respectively, the Ni sample exhibited a
shift of only−1.3 eV atcCs = 0.31. The highest work
function shift found here for Al is close to−2.44 eV
which was determined as being the maximum work
function shift which can be obtained on Al (1 1 1) dur-
ing Cs adsorption[30]. It can be concluded from this
comparison that, for the Al sample, a Cs concentration
of approximately 30% allows to reach the minimum
of the work function curve which was observed at a
Cs coverage of 2.0 × 1014 atoms/cm2 in [30]. Con-
cerning Si, Cs adsorption experiments found a max-
imum work function shift of−3.4 eV at a coverage
of 3.4 × 1014 atoms/cm2 [31]. As a maximum shift
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Fig. 6. (a) Normalized Cs+ energy distributions obtained for the Al sample under a pure Cs+ bombardment while changing the distanced.
The sample potential is given relative to the nominal value of 4500 V. (b) As (a), but for the Si sample. (c) As (a), but for the Ni sample.
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Fig. 6. (Continued).

of only −2.2 eV was observed for Si in the present
work, the Cs concentrations obtained during the ex-
periments on the Si sample were apparently not high
enough to reach the minimum of the work function
curve. For the nickel sample finally, a maximum work
function shift of−3.1 eV was observed at a Cs cover-
age of 4.0 × 1014 atoms/cm2 [32], which is twice the
value needed for Al. This high necessary Cs cover-
age could explain the relatively weak shift of−1.3 eV
found during the present study compared to the max-
imum value of−3.1 eV.

At this stage, it is interesting to plot the calculated
ionization probabilities of secondary Csβ+

Cs against
the measured shifts of the work function. According
to Eqs. (19) and (21), the behavior ofβ+

Cs can most
easily be traced by the useful yield of Cs+ or by the
useful yield of the MCs+ clusters after a normaliza-
tion with respect to the sputtering yieldY and the Cs
concentrationcCs. In consequence of these normaliza-
tions, the values ofβ+

Cs deduced from the MCs+ useful
yields are affected by a higher uncertainty than those

given directly by the Cs+ useful yields. Nevertheless,
Fig. 9a–cshow that bothβ+

Cs curves are running in
an essentially parallel way, which confirms again the
assumed MCs+ formation mechanism (9).

The evolution ofβ+
Cs with respect to the work func-

tion Φ shown for the three samples is typical for what
one would expect considering relation (25) expressing
the electron tunneling model. At work function values
higher than a certain critical value,β+

Cs stays essen-
tially constant for each of the investigated samples. If
Φ drops below this critical value, the ionization prob-
abilities obtained for Al and Si exhibit an exponential
decrease. For the Al sample the critical work function
value can be determined as being 0.9 eV below the
work function of pristine Al (ΦAl = 4.28 eV), which
results in an absolute critical work function of approx-
imately 3.4 eV. Concerning Si, the drop ofβ+

Cs starts
at about�Φ = −0.9 eV, which will lead to a value of
4.0 eV for the absolute critical work function. These
data are in good agreement with[10], where the crit-
ical values were found at 3.4 eV too for an Al sample
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Fig. 7. (a) Normalized Cs+ energy distributions obtained for the Al sample in the Cs+–Ga+ cobombardment mode while changing the
parameterη. The sample potential is given relative to the nominal value of 4500 V. (b) As in (a), but for the Si sample. (c) As in (a), but
for the Ni sample.
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Fig. 7. (Continued).

Fig. 8. Work function shifts determined fromFigs. 6a–c and 7a–cwith respect to the corresponding Cs concentration. The dotted curves
are drawn only to guide the eye.
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Fig. 9. (a) Evolution of the ionization probabilityβ+
Cs of secondary Cs deduced from the Cs+ useful yield and the normalized MCs+ useful

yield vs. the measured work function shifts for the Al sample. (b) As in (a), but for the Si sample. (c) As in (a), but for the Ni sample.
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Fig. 9. (Continued).

and at some 3.7 eV for a Si sample, where the criti-
cal point is however far less distinct than for Al. For
the Ni sample finally, no important drop ofβ+

Cs can
be observed. Assuming that the critical work function
for Ni should be in the same range than the values
found for Al and Si, the initial work function of the
pristine Ni sample would have to be lowered by about
1.4–1.7 eV to reach the critical point. As the Cs con-
centrations accessible during our experiments did not
provoke work function shifts at this extent for the Ni
sample, the exponential decreasing part of the curve
could not be reached.

3.4. Benefits

To show the benefits resulting from the possibility
to vary the Cs concentration over a large range on the
CMS instrument and thus to optimize this important
parameter in MCsx+ cluster analysis, the same three
samples were investigated on the Cameca IMS 4f[33]
and on the Cameca IMS LAM[34]. Both instruments

were operated under standard conditions, namely a
sample potential of 4500 V and a primary accelerating
energy of 10 keV leading to an incidence angle of
the primary beam of 42◦. The Cs+ and MCs+ useful
yields obtained on the two Cameca instruments are
practically identical and their mean values are reported
together with the corresponding values resulting from
the present study on the CMS inTable 1.

This comparison shows that the most important
enhancement can be obtained for the Al sample with
a ratio of 80–90. For Si, there is still an improvement
of a factor 5–7, while the useful yields calculated for
both types of instruments are absolutely identical for
the Ni sample. These observations can be explained
by the combination of several facts: Al has the lowest
work function of the three investigated samples, its
work function decreases quickly while increasing the
Cs concentration and the ionization probabilityβ+

Cs
determined from Al exhibits an immediate drop as
soon as the work function falls below a critical value.
The Cs concentration resulting from the standard
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Table 1
Compilation of the maximum useful yields determined on the Cation Mass Spectrometer and on the Cameca IMS 4f and IMS LAM 6f
instruments (mean value)

Sample Signal CMS Cameca IMS 4f (Cameca IMS LAM 6f) Ratio

Al (Φ = 4.28 eV) Cs+ 3.0 × 10−1 3.8 × 10−3 80
AlCs+ 4.8 × 10−4 5.4 × 10−6 90

Si (Φ = 4.85 eV) Cs+ 3.0 × 10−1 6.5 × 10−2 5
SiCs+ 7.3 × 10−5 1.1 × 10−5 7

Ni (Φ = 5.15 eV) Cs+ 3.2 × 10−1 3.1 × 10−1 1
NiCs+ 2.1 × 10−4 2.0 × 10−4 1

Cameca conditions is thus too high for the Al sample
and the correspondingβ+

Cs is far lower than the ideal
value of 1. A similar explanation is valid for Si: the
CamecacCs value is already too high, but due to the
higher work function of Si compared to Al, the drop
of β+

Cs is less important than it is for Al. Interestingly,
measurements performed by Gnaser in dynamic Cs
implantation conditions on a Si sample showed a de-
crease of the same factor 7 ofβ+

Cs while cCs increased
from 0 to the value dictated by the standard Cameca
conditions[27]. Ni finally has the highest work func-
tion and it decreases in a lesser manner when the Cs
concentration increases within the range which was
accessible for the present study. As a consequence,
the Cs concentration resulting from the Cameca con-
ditions still allowed the highest possible ionization
probability.

4. Conclusion

Analyses performed on three different samples
(Al, Si, Ni) while modifying the impact angle of a
pure Cs+ primary beam and in the Cs+–Ga+ cobom-
bardment mode have shown the possibility to vary
the stationary Cs surface concentration on the Cation
Mass Spectrometer. The two complementary primary
bombardment techniques result in a continuous Cs
concentration range going from quasi 0 to some 30%.
This capability to adjust the Cs concentration allows
the optimization of the measurement conditions in or-
der to reach high MCsx+ useful yields. The observed
decrease of the MCsx

+ useful yields at Cs concentra-

tions lower than the optimum value can be interpreted
as a lack of available Cs atoms to form the clusters.
The drop of the useful yields at Cs concentrations
exceeding the critical value is shown to be a direct
consequence of the strong decrease of the ionization
probability of secondary Cs provoked by a lowering of
the work function below a critical point. A comparison
between the performances of the CMS and those of
classic Cameca instruments shows that this possibil-
ity to adapt the Cs concentration to its optimum value
leads to useful yield enhancements up to a factor 90.
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