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Abstract

To overcome the SIMS matrix effect in the negative secondary ion mode, analyses can be performed on the Cation Mass Spectrometer using
neutral cesium deposition with simultaneous primary ion bombardment. This paper discusses the advantages of this technique by applying it
on several samples. The useful yields of various elements detected as negative secondary ions are calculated and discussed in terms of work
function and electron affinity. The additional Cs deposition allows a significant increase of the useful yields of negative secondary ions and thus of
the analysis sensitivity compared to traditional Cs* primary ion bombardment. At maximal cesium surface concentrations, quantitative analyses
become possible for elements with high electron affinities. For other elements a significant increase of the analysis sensitivity is achieved.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Owing in particular to its excellent sensitivity, its high
dynamic range and its good depth resolution, Secondary Ion
Mass Spectrometry (SIMS) constitutes an extremely powerful
technique for analyzing surfaces and thin films. Today, SIMS
is widely used for analysis of trace elements in solid materi-
als, especially semiconductors and thin films. Other emerging
fields of application for SIMS are biology and medicine in
particular.

At the same time the SIMS technique is hampered by a major
deficiency which is the lack of quantification due to the matrix
effect [1]: the ionization probability of secondary ions and thus
the sensitivity of the analysis depends on the sample composi-
tion. In fact, the emission of secondary ions is very sensitive to
the chemical state of the sample surface [1-3]. After reacting
with electropositive elements, most surfaces exhibit drastically
enhanced negative secondary ion yields [4]. These yields might
be higher by several orders of magnitude than the yields from
the respective clean surfaces.
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It has been shown that the deposition or incorporation of
alkali metals on surfaces of metals or semiconductors leads to a
decrease of the electron work function of the sample [5-9] and
induces an increase of the negative secondary ion sensitivity
[10,11].

Because of the aforementioned reasons, Cst bombardment
is widely employed in SIMS analyses to effect this negative ion
yield enhancement, thus providing higher detection sensitivi-
ties. Previous studies have shown that the negative ion yields
strongly depend on the stationary cesium surface concentration
incorporated in the specimen during the primary bombardment
[4,10,12-14]. On commercial dynamic SIMS instruments the
primary Cs* bombardment serves both for the incorporation of
Cs in the material and for the sputtering of the surface. In this
case, the primary bombardment conditions (mainly the impact
energy and the incidence angle, which can be adapted only in a
very limited way on conventional SIMS equipment) as well as
the characteristics of the investigated specimen imply a distinct
total sputtering yield Y and consequently determine the cesium
surface concentration. As a consequence, the Cs concentration
is practically fixed for a given type of sample and cannot be
chosen freely. Studies examining the effect of Cs concentration
on negative ion sensitivities were hence mainly limited to the
Cs surface concentration evolution in the transient regime or to
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Cs surface concentrations obtained by different bombardment
conditions [10,14].

The Cation Mass Spectrometer (CMS), which is a SIMS
prototype developed in our laboratory, has been designed to over-
come this problem [15-20]. This instrument is equipped with a
patented neutral cesium Cs® evaporator [21] to vary the Cs sur-
face concentration over the whole range and to ensure an optimal
Cs surface concentration for maximum negative secondary ion
sensitivity. In that way Cs surface concentration adjustment is
decoupled from primary ion bombardment and the primary ion
type can be chosen with respect to the application.

In the past, neutral Cs? deposition and simultaneous ion irra-
diation has already been used to study the effect of Cs enrichment
on secondary ion ionization processes, but sensitivities could not
be determined [22-24].

In this paper, Cs” deposition with simultaneous ion bombard-
ment is used to study sensitivity evolutions of negative secondary
ions with respect to the Cs surface concentrations. For a bet-
ter understanding, the experimental results will be compared to
existing models and the usefulness and the limits of the tech-
nique will be shown by several applications.

2. Experimental

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

At the moment the CMS is equipped with two ion guns and
a patented neutral Cs® evaporator which has been developed
in LAM. The LMIS Ga* was operated with an impact energy
of 32.5keV and currents between 100 pA and 5nA. In order
to be able to vary the erosion rate, we changed the density
of bombardment with Ga* ions by adapting the dimensions
of the scanning surface. The primary beam was thus raster-
scanned across a quadratic area varying from 25 pm x 25 um
to 100 pm x 100 wm. The Cs* sputter ion gun was run with an
impact energy of 13 keV and currents ranging between 3 nA and
19nA. Again, the dimensions of the rastered area were varied
between 30 pm x 30 wm and 300 pwm x 1200 pm. The neutral
Cs deposition rates of the evaporator, which were measured
by means of a quartz microbalance system, changed between
0.4 A/s and 3.0 A/s. During the experiments, Cs” deposition was
used simultaneously with one of the aforementioned ion guns.

The sample was positioned at a distance d =3.5 mm from the
extraction nose and polarized to —4500 V.

For these series of measurements, secondary ions were
accepted from a circular area on the sample surface limited to
a diameter of 22 pm or 42 wm, defined by an aperture centered
with respect to the scanning area. Cs” is deposited on a still
larger area that is centered on the area irradiated by the ion beam
(Fig. 1). The mass spectrometer was operated at a mass resolu-
tion of M/AM =300 and with an energy bandpass AE=130eV.

To study the useful yield variations with respect to the Cs con-
centration Ccs and to observe the influence of the sample work
function @ on ionization, we opted for samples of aluminum,
silicon and nickel, given that these materials cover a consid-
erable range on the work function scale: @5;=4.28eV [25],
®g; =4.85eV [25] and Dn; =5.15eV [26]. These samples were

Neutral Cs deposition
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Fig. 1. Diagram defining Cs deposition zone, irradiated zone and analyzed zone.

compared to binary compounds (GaAs and InP). Only the work
function of GaAs could be found in literature (@Gaas =5.3eV)
[8]. Si, GaAs and InP were mono-crystalline samples whereas
Al and Ni were polycrystalline.

For a large number of different erosion rates and Cs® depo-
sition rates, we performed depth profiles on the five studied
samples while detecting the M~ signals emitted from the respec-
tive surfaces.

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

3. Results
3.1. Definitions

The secondary ion sensitivities are discussed in terms of use-
ful yield, which is defined by:

_ number of detected M~ ions
UYM™) = 1)
number of sputtered M atoms

For matrix elements, this relation becomes in the equilibrium
state:

It

UYM) = de R

@)

where I denotes the secondary ion current intensity, ¢ the acqui-
sition time, d the crater depth, p the atomic density of the sample,
¢ the diameter of the analyzed zone and R is the isotopic ratio.

As the Cs surface concentration cannot be determined in situ,
it will be described by characteristic parameters and it is con-
sidered to be a mean surface concentration in a volume close to
the sample surface. For Ga* bombardment and Cs® deposition
(Ga*/Cs” bombardment), the Cs surface concentration Ccs is
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T

Fig. 2. Calculated Cs surface concentration evolution with respect to parameter
7 for Ga*/Cs’ bombardment.

defined by:

ncs
Cos=—"— 3)
ncs + 1M + NGa

where ncg is the number of Cs atoms deposited on the irradiated
area, ny the number of atoms M that are sputtered from the sam-
ple and ng, is the number of Ga* ions that have been implanted
by the primary Ga* bombardment. Cesium can mainly be found
at the surface of the sample and to a lesser degree in the sample
as a consequence of atomic mixing.

For Ga*/Cs® bombardment, the Cs surface concentration is
defined by the parameter T which depends only on analytical
parameters that can be determined easily [27]:

Uerosion

T = —orosion )

Udeposition

where Verosion 18 the erosion velocity and vdeposition 18 the Cs?
deposition velocity. The erosion rate is calculated by considering
the sputtering time and the depth of the crater.

The typical Ccs behavior with respect to parameter t is shown
inFig. 2. Ccy is a function of the parameter T and not of vgeposition
and verosion taken individually [27]. Kin Fig. 2 indicates the max-
imum Cs surface concentration that can be reached by Ga*/Cs°
bombardment.

For Cs* bombardment and Cs® deposition (Cs*/Cs® bom-
bardment) the situation is similar. The Cs surface concentration
is defined by:

I’lcso 1
Ccs = + 5
e ned +nm +nesg+ 14+Y ©)

where ncg+ is the number of Cs* ions that has been implanted
by the primary bombardment and Y is the sputtering yield. The
first part of the equation represents the contribution to Ccg due to
Cs? deposition, while the second part is due to the contribution
of Cs* bombardment. Analogously to relation (4), we define the

K
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Fig. 3. Calculated Cs surface concentration evolution with respect to parameter
T for Cs*/Cs” bombardment.

characteristic parameter 7:

T— Verosion 6)
Udeposition

The evolution of Ccs with respect to parameter 7T is plotted

in Fig. 3. Again Cc; is a function of parameter T and not of

Vdeposition AN Verosion taken individually. K" in Fig. 3 indicates

the maximum Cs surface concentration that can be reached by

Cs*/Cs” bombardment.

3.2. Ga*/Cs® bombardment

Fig. 4 shows the evolution of Si~ useful yield plotted with
respect to Verosion- AS expected, the useful yield increases for
decreasing verosion, that is to say for rising Ccs. This rising of
Cc;s induces shifts of the electron work function of the Si sample
which alter the secondary ion ionization probability according
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Fig. 4. Si~ useful yield variation with respect to the erosion velocity for Ga*/Cs’
bombardment.
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Fig. 5. Si~ useful yield variation with respect to parameter 7 for Ga*/Cs® bom-
bardment.

to the electron tunneling model:

« = lif A
{’351 e =< %)

Bs; ox e~ M/enifp > A

where Bg; is the secondary ion ionization probability, ¢ the work
function of the sample, A the electron affinity of the sputtered
atom and &, is a parameter which is proportional to the nor-
mal component of the velocity with which the atoms leave the
surface.

One should also note that the different curves of Fig. 4 do
not superpose: the useful yield is not a function of verosion and
Vdeposition taken individually. If the same data are plotted with
respect to the parameter t the different curves lie on each other
(Fig. 5) proving that the parameter t characterizes Ccs.

The Si~ useful yields have been largely increased by Cs’
deposition. Compared to normal Cs* bombardment on the CMS,
they increased from 4.3 x 1073 to 1.6 x 10~!. One should how-
ever note that the flat part of the useful yield curve predicted by
Eq. (7) has not been obtained. The most probable explanation
for this is that the maximal C¢g reached during our experiments
is not high enough to provoke a sufficient decrease of the work
function. Higher Cc; can possibly be obtained by Cs*/Cs” bom-
bardment. Nevertheless a maximal useful yield of 0.16 indicates
that the ionization must be close to one, as the transmission of
the mass spectrometer is about 20% [15].

Ga*/Cs” bombardment on InP and Al samples leads to similar
results than Ga*/Cs” bombardment on Si. Figs. 6 and 7 show the
useful yield curves with respect to the parameter t for these sam-
ples. For all analyzed elements, the useful yields first increase
slowly when 7 is decreased. At small values of t a steep increase
of the useful yields can be observed. As for Si, constant values
of the useful yield at low values of t, which would indicate total
ionization, cannot be observed. This is however not surprising
because the analyzed elements all have lower electron affinities
than Si and their negative ionization is thus less probable.
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Fig. 6. P~ and In™ useful yield variations with respect to parameter t for
Ga*/Cs” bombardment.

The useful yields obtained during these experiments using
neutral Cs deposition are enhanced by about two orders of mag-
nitude compared to “ordinary” SIMS measurements.

The difference between the maximal useful yields of P~ and
In™ is due to the different electron affinities of these two ele-
ments. P has the highest electron affinity (0.75eV for P and
0.40eV for In) and therefore presents the highest useful yield.
This behavior is in agreement with the predictions of the electron
tunneling model (Eq. (7)).

For Al (Fig. 7), the polycrystalline surface roughened slightly
under the primary ion bombardment giving rise to less repro-
ducible useful yields.

For the GaAs and Ni samples finally, primary ion bombard-
ment induced roughness on the bottom of the crater was too
important to evaluate the crater volume and made subsequent
useful yield calculations impossible. Surface roughness is often
induced on surfaces irradiated by ions. The amplitude of the
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Fig. 7. Al™ useful yield variation with respect to parameter  for Ga*/Cs® bom-
bardment.
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roughness depends on irradiation conditions, ion type and sam-
ple composition [28-32]. In our experiments, neutral cesium
deposition is observed to increase the surface roughness signif-
icantly on the GaAs and Ni samples.

3.3. Cs*/Cs? bombardment

Experiments for Cs*/Cs? bombardment have been carried out
in the same way than for Ga*/Cs? bombardment: Ccy is varied
over a large range by changing the primary ion current density.
This time, Cs is introduced into the sample both by the deposition
of Cs” on the sample surface and by the Cs* ion bombardment.
The specific parameter characterizing Ccs is now called T to
avoid any confusion with the Ga*/Cs® bombardment mode. For
a given value of 7 or T, the Cs*/Cs” mode produces logically
higher Ccs than the Ga*/Cs® mode due to the extra implantation
of Cs by the ion bombardment. As a consequence, for a given
value of 7 or 7, the useful yields of negative secondary ions are
higher in the Cs*/Cs” mode than in the Ga*/Cs” mode.

The overall behavior of useful yield variations with respect
to the parameter 7'by Cs*/Cs? bombardment is analogous to the
one found for Ga*/Cs® bombardment.

Cs*/Cs” bombardment on Si generates similar useful yields
than Ga*/Cs” bombardment on Si (Fig. 8). The useful yield
increases first slowly when T is decreased before rising steeply
at small values of T. The scattering of useful yield data points at
higher values of T are due to reproducibility problems between
different series.

Cs*/Cs” bombardment on GaAs and InP produce comparable
results (Figs. 9 and 10). The differences between useful yield
evolutions for As™ and Ga™ and for P~ and In™ are due to
electron affinity differences between the analyzed elements. For
each sample, the element with the highest electron affinity shows
the greatest useful yield (electron affinities: 0.81 eV for As and
0.75 eV for P compared to 0.43 eV for Ga and 0.40eV for In).

Useful yield evolutions from the polycrystalline samples Al
and Ni are comparable to the other matrixes (Figs. 11 and 12).
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Fig. 8. Si~ useful yield variation with respect to parameter T for Cs*/Cs® bom-
bardment.
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Fig. 9. Ga~ and As™ useful yield variations with respect to parameter 7 for
Cs*/Cs? bombardment.

The reproducibility of the values is however less good due to
the formation of roughness on the crater bottoms induced by ion
bombardment.

A useful yield gain of several orders is achieved for all sam-
ples. Compared to normal Cs* bombardment on the CMS, Ga~
useful yield increased from 1.0 x 107°t09.5 x 107>, As™ use-
ful yield from 2.8 x 107 to 9.0 x 1073 and Si~ useful yield
from 4.3 x 1072 to 1.3 x 107!

3.4. Generalization and applications

The preceding results of Sections 3.1 and 3.2 show that
Cs? deposition with simultaneous ion bombardment leads
to an important useful yield gain improving the analysis
sensitivity by several orders of magnitude. However, the
experiments were carried out on samples with a very simple
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Fig. 10. In™ and P~ useful yield variations with respect to parameter 7 for
Cs*/Cs? bombardment.
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Fig. 11. Al~ useful yield variation with respect to parameter T for Cs*/Cs’
bombardment.

composition, containing mainly only one element, which
makes conclusions regarding the usefulness of this technique
for routine applications in SIMS analysis rather complicated.
To investigate this problem, ion bombardment with simul-
taneous Cs deposition was tested on an application: depth
profiling and quantification on samples containing known
concentrations of implanted elements were realized by Cs*/Cs”
bombardment.

The depth profiles were carried out on several matrixes with
different work functions in which a large number of elements
with varying electron affinities had been previously implanted.
By this means, the influence of these parameters on ionization
and quantification could be studied. To begin with, the analyses
were carried out with Cs* bombardment without simultaneous
Cs? deposition to get the useful yields for the experimental
conditions which were standard on the CMS up to now. Only
afterwards Cs*/Cs” bombardment was used to observe the use-
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Fig. 12. Ni~ useful yield variation with respect to parameter T for Cs*/Cs’
bombardment.
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Fig. 13. Useful yields for ions extracted from several matrixes for Cs* bom-
bardment.

ful yield gain enhancements and possibilities for quantification
brought about by this technique.

For Cs* bombardment, the useful yield dependence on elec-
tron affinity of the analyzed element and on sample work func-
tion is clearly visible (Fig. 13). On one hand, the useful yields
increase with the electron affinity of the analyzed element. On
the other hand, for each element, the useful yield is highest for
the matrix with the lowest work function (Al and Si). Finally,
as can be concluded from the observed variations of the useful
yield with respect to the matrix, the matrix effect persists even
for the elements with the greatest electron affinity (3.4 eV for F).

For Cs*/Cs” bombardment the situation changes (Fig. 14).
Useful yields of the elements with the highest electron affinity
become independent of the sample making quantitative analysis
possible. The small fluctuations in useful yields can be linked
to problems adjusting Ccs. Indeed, at low values of parame-
ter 7, useful yields change very rapidly with T so that a small
variation of T produces an important change in the useful yield
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Fig. 14. Usetul yields for secondary ions extracted from several matrixes for
Cs*/Cs? bombardment.
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(Figs. 5-12). At slightly smaller electron affinities (for Cu™ and
C™ inFig. 14) the useful yield is still maximized for samples with
low work function but begins to depend on the work function
for the other matrixes. For elements with even lower electron
affinities a maximization of the useful yield becomes impossi-
ble. In spite of these remaining quantification problems for the
elements having a low electron affinity, analyses with Cs*/Cs”
bombardment lead to significantly better sensitivities compared
to the ones obtained with pure Cs* bombardment (Fig. 13). So
the experimental data in Fig. 14 can be divided in three cate-
gories. In the first category (A >1.26), @ is always smaller than
A and ionization is always complete (Eq. (7)). In the second
category (1.23 <A <1.26), @ becomes larger than A for some
matrixes (for example, GaAs, Fig. 14) bringing about partial
ionization for these samples. In the third category (A < 1.23), @
is always larger than A and the matrix effect is visible for all
samples.

4. Discussion

Maximal useful yields for Ga*/Cs? bombardment and for
Cs*/Cs® bombardment obtained for Al, GaAs, InP, Ni and Si
as well as the electron affinities A and sample work func-
tions @ are summarized in Table 1. Compared to traditional
Cs* bombardment, both, Ga*/Cs® and Cs*/Cs® bombardments
cause an important increase of the useful yield resulting in a
significant gain of analysis sensitivity. The curves plotting the
useful yields of the different elements versus the characteris-
tic parameters T and 7 exhibit an exponential growth which
corresponds qualitatively to the electron tunneling model pre-
dictions and to an experimental behavior found by other author
[10,12,22-24,33-36]. The useful yields first increase slowly
when the parameters 7 and 7 are lowered (low Cc region) before
rising steeply at low values of T and T (high Ccs region). A flat
part of the curve corresponding to a secondary ion ionization
probability equal to 1 cannot be observed.

The different useful yields can be compared most easily by
considering the difference @ — A which can be found in the elec-
tron tunneling model (Eq. (7)). When CsY is deposited on the
sample surface, the work function @ of the sample and conse-
quently the difference @ — A decrease. According to the electron
tunneling model, low values of @ — A should correspond to high
useful yields. The useful yields found during our experiments
mainly respect this rule (Table 1). For Ga*/Cs® bombardment,

Table 1

Useful yield comparison for Ga*/Cs® and Cs*/Cs” bombardment

Element AEV) ®EV) d—AEV) Ga'/Cs®UY Cs*/Cs®UY
Si 1.39 4.85 3.46 1.6 x 107! 1.3x 107!
Ni 1.16 5.15 3.99 Roughness 9.9 x 1072
As (GaAs) 0.81 5.30 4.49 Roughness 9.0 x 1073
P (InP) 0.75 - - 3.0x 1073 8.0x 1073
Al 0.43 4.28 3.85 6.0 x 1072 1.1 x 1072
Ga (GaAs) 043 5.30 4.87 Roughness 9.5x 1073
In (InP) 0.40 - - 1.6 x 1072 8.0x 107

The table shows the maximum useful yields (corresponding to the lowest values
of 7, respectively, T) obtained for the different experimental conditions.

Si has the highest useful yield and @ — A is lowest for this sam-
ple. Work function data or experimental data are missing for
InP, Ni and GaAs. The Al~ useful yield is less increased by Cs”
deposition than the Si~ useful yield. Surface roughness, which
made the determination of small crater volumes impossible, pre-
vents higher useful yields from being measured. For Cs*/Cs”
bombardment, the useful yield evolution compared to the @ — A
variation is respected for Si, Ni, As, Al and Ga. Finally, as the
useful yields of P~ and In™ are close to the As™ and Ga™ useful
yields, the work functions of both samples are probably similar.

The differences between useful yields for Ga*/Cs® bombard-
ment and Cs*/Cs” bombardment are in general weak (Table 1),
indicating that similar maximum Cs surface concentrations are
reached for the two bombardment types. The useful yield gains
qualitatively correspond to the predictions of the electron tunnel-
ing model for @ > A (Eq. (7)). As well as for Ga*/Cs® bombard-
ment as for Cs*/Cs® bombardment, Cs surface concentrations
are not important enough to lower @ below A and produce the
plateau predicted by the electron tunneling model. For both types
of bombardment conditions the influence of the electron affinity
of the analyzed element and sample work function on ionization
processes are the same. The main difference between the two
bombardment conditions is observed at high values of the param-
eters 7 and T where Cs*/Cs” bombardment produces much larger
Ccs due to implantation of primary Cs* ions (Figs. 5-12). Thus,
the useful yield gain due to Cs’ deposition is most important
for Ga* bombardment and in general for primary ions different
from Cs*.

A difference between maximal useful yields for the two bom-
bardment conditions can only be observed for Al and InP where
Cs*/Cs® bombardment produces a much larger useful yield than
Ga*/Cs bombardment. This is probably due to a more impor-
tant surface roughness formation at the bottom of the craters for
Ga*/Cs® bombardment, which makes the determination of small
crater volumes impossible and prevents higher useful yields
from being measured.

Figs. 13 and 14 show that quantitative analyses can be per-
formed easily for elements with high electron affinity. For these
elements, the matrix effect is eliminated, as the ionization prob-
ability does not depend on the matrix composition. On the other
hand, the analysis sensitivity for elements with lower electron
affinity can be improved significantly but quantification still
remains complicated. Consequently quantification is possible
for elements with an electron affinity that is at least equal to
1.39 eV. At an electron affinity of 1.26 eV matrix effects remain
visible. In between those two values the maximal useful yields
and their variations with respect to sample work function stay
unidentified.

These experiments show also that the spectrometer transmis-
sion for negative secondary ion analyses on the CMS is limited
to ~20%. For elements with maximized ionization probabilities,
small useful yield variations between the different elements are
due to the spectrometer transmission that depends on the energy
distribution of the analyzed element.

Depth profiling produces similar high useful yields than the
experiments on matrixes of simple composition and shows that
Cs® deposition with simultaneous ion bombardment can be
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applied to typical SIMS applications. Likewise, ion imaging
with Ga*/Cs® bombardment will produce comparable results
than depth profiling with Cs*/Cs” bombardment, e.g., quan-
titative analyses for elements with high electron affinity and
better analysis sensitivity for elements with lower electron
affinity.

Besides, not all theoretical or fundamental aspects could
be discussed in this paper. They are linked to implantation of
deposited Cs into the sample by primary ion bombardment,
differences in Cs surface concentration or sputtering due to
changing primary ions and physical parameters like changing
work function with respect to the parameters T and 7. An evalu-
ation of these different points in order to obtain a more complete
comparison with theoretical models will be discussed in follow-
ing papers.

5. Conclusions

Neutral cesium deposition with simultaneous primary ion
bombardment produces a significant increase of the useful yields
of negative secondary ions and thus of the analysis sensitiv-
ity compared to traditional Cs*™ primary ion bombardment.
The overall useful yield variations with respect to the param-
eters T and T characterizing the cesium surface concentration
agree qualitatively with the predictions of the electron tunneling
model. At maximal cesium surface concentrations, quantitative
analyses become possible for elements with high electron affini-
ties. For other elements a significant increase of the analysis
sensitivity is achieved. Furthermore, neutral cesium deposition
with simultaneous ion bombardment has been applied success-
fully to typical SIMS applications like depth profiling. Never-
theless different fundamental aspects linked to sputtering and
the Cs® deposition remain unexplored and will be discussed in
later papers.
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