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bstract

The negative secondary ion yields in secondary ion mass spectrometry (SIMS) increase when electropositive elements, especially alkali metals,
re used as primary ions. In previous papers by the same authors, useful yield variations of several elements have been studied experimentally
ith respect to the neutral cesium deposition conditions. Besides, the Cs surface concentrations have been simulated using the TRIDYN code. The
etermined secondary ion sensitivities have been discussed with respect to the experimental conditions and they have been compared to the electron-
unneling model describing ion emission from metallic and semi-conducting samples. In this paper, the variations of the electron work function of
he sample will be studied with respect to the experimental conditions used in the previous papers. The energy distributions of negative secondary

ons will be recorded for the different experimental conditions. The electron work function shift, on which is based the electron-tunneling model
nd which thus gives evidence for the influence of cesium on ion emission, is extracted from these distributions. The variations of the electron work
unction are discussed with respect to the experimental conditions as well as the simulated cesium surface concentration. Besides, the secondary
on sensitivities are plotted with respect to the electron work function, giving a direct comparison with the electron-tunneling model.

2007 Elsevier B.V. All rights reserved.

ld; Se

s
i
i
m
a
e
a
H
t

b
a
s

eywords: Neutral Cs deposition; Electron work function variation; Useful yie

. Introduction

Secondary ion mass spectrometry (SIMS) constitutes an
xtremely powerful technique for analyzing surfaces and thin
lms, which is in particular due to its excellent sensitivity, its
igh dynamic range and its good depth resolution [1,2]. It is
idely used for the analysis of trace elements in solid materials

ike semi-conductors and thin films [1–3]. Emerging fields of
pplications for SIMS are biology and medicine in particular
4–6].

At the same time, the SIMS technique is hampered by the lack
f quantification [7]: the ionization probability of secondary ions
nd thus the sensitivity of the analysis depends on the sample

omposition. This phenomenon is known as the matrix effect.
n fact, the emission of secondary ions is very sensitive to the
hemical state of the sample surface [3,7,8]. Especially, depo-
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ition and incorporation of electropositive elements drastically
ncreases negative secondary ion yields on most surfaces. This
ncrease of the analysis sensitivity can cover several orders of

agnitude [9]. The deposition or incorporation of alkali met-
ls (and in particular cesium) has been shown to decrease the
lectron work function of the sample [10–14] which induces
n increase of the negative secondary ion sensitivity [15,16].
ence, the negative secondary ion yields depend strongly on

he stationary Cs surface concentration [9,15,17–19].
Because of the abovementioned reasons, Cs+ primary ion

ombardment is widely used in SIMS analysis to effect this neg-
tive ion yield enhancement, thus providing higher detection
ensitivities. On commercial dynamic SIMS instruments, this
ombardment serves both for Cs incorporation into the sample
nd for sputtering. In such conditions, the primary ion bombard-
ent conditions as well as the characteristics of the analyzed
ample imply a distinct total sputtering yield, and consequently
etermine the Cs surface concentration. Hence, the Cs surface
oncentration is almost fixed for a given sample and an optimiza-
ion of secondary ion yields is impossible. Studies examining

mailto:philipp@lippmann.lu
dx.doi.org/10.1016/j.ijms.2007.03.019
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he influence of the Cs surface concentration on negative sec-
ndary ion sensitivities were mainly limited to the evolution
f the Cs surface concentrations in the transient regime or the
urface concentrations obtained under different bombardment
onditions [15,19].

The Cation Mass Spectrometer (CMS) is a SIMS prototype
eveloped in our laboratory, which has been designed to over-
ome these problems [20–25]. The instrument is equipped with a
eutral Cs◦ evaporator [26] to vary the Cs surface concentration
ver the whole range and to ensure in that way an optimal Cs sur-
ace concentration for maximum MCsx

+ or negative secondary
on sensitivities. In such experimental conditions, the adjustment
f the Cs surface concentration is decoupled from primary bom-
ardment and the primary ion type can be chosen with respect
o the application. Detailed studies on the evolution of negative
econdary ion sensitivities [27] and the simulated Cs surface
oncentration with respect to the Cs deposition conditions [28]
ave been presented in previous papers.

In this paper, the energy distributions of the secondary ions
tudied in the previous papers [27,28] will be measured with
espect to the experimental conditions. The sample will under-
ie ion bombardment with simultaneous neutral cesium Cs◦
eposition. The relative variations of the electron work func-
ion will be extracted from that data and will be discussed with
espect to the experimental conditions. By plotting the electron
ork function as a function of the simulated Cs surface con-

entration (the data of the previous paper is used, [28]), the
xperimental results obtained by ion irradiation and simulta-
eous Cs◦ deposition can be compared to results in literature
hich were obtained for neutral Cs adsorption on various sam-
les. Besides, a straight comparison of the experimental results
ith the electron-tunneling model, used to describe secondary

on emission from metallic and semi-conducting surfaces, is
ossible when plotting secondary ion yields with respect to the
ariations of the electron work function. Fundamental aspects
inked to enhanced ion emission will be discussed and final
onclusions regarding the influence of Cs◦ deposition on ion
mission can be drawn.

. Experimental

The design and the main characteristics of the CMS have
een published in previous works [20,21].

At the moment, the CMS is equipped with two ion guns and a
atented neutral Cs◦ evaporator which has been developed in our
aboratory. The Ga+ LMIS was operated with an impact energy
f 32.5 keV and primary beam currents between 100 pA and
nA. In order to vary the erosion rate and to adapt the Cs surface
oncentration, we changed the irradiation density with Ga+ ions
y adjusting the dimensions of the scanned surface. The primary
on beam was thus raster-scanned across a quadratic area vary-
ng from 25 �m × 25 �m to 100 �m × 100 �m. The Cs+ sputter
on gun was run with an impact energy of 13 keV and primary

eam currents ranging between 3 and 19 nA. The ion bombard-
ent density was adjusted by varying the dimensions of the

canned area between 30 �m × 30 �m and 300 �m × 1200 �m.
he neutral Cs deposition rates, which were measured by means
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f a quartz microbalance system, were altered between 0.4 and
.0 Å/s. During the experiments, the Cs◦ deposition was used
imultaneously with one of the aforementioned ion guns. The
ample was positioned at a distance of 3.5 mm from the extrac-
ion lens.

The shifts of the work function are detected as a variation of
he contact potential between the sample and the electrostatic
nalyser, which provokes a shift in the secondary ion energy
pectra. In order to record these energy spectra, the sample
otential, which is normally set to −4500 V for the analysis of
egative secondary ions, was scanned from −4400 to −4520 V,
hile the remaining secondary optics remained unchanged. A
ood precision of the electron work function variations was
btained by reducing the energy bandwidth �E of the spec-
rometer from 130 to 2–3 eV. Experimentally, its accuracy has
een determined to be equal to 0.15 eV [29]. The mass spec-
rometer was operated at a mass resolution of M/�M equal to
00.

For these series of measurements, secondary ions were
ccepted from a circular area on the sample surface limited to
diameter of 22 �m or 42 �m, defined by apertures of 400 �m
r 750 �m diameter. The apertures were centred with respect to
he scanned area. Cs is deposited on a larger area that is also
entred on the irradiated area.

To study the electron work function variations with respect
o the Cs surface concentration CCs and to observe the influ-
nce of the sample work function on ionization, we opted for
amples of aluminium, silicon and nickel, given that these mate-
ials cover a considerable range of the work function scale:

Al = 4.28 eV [30], ΦSi = 4.85 eV [30] and ΦNi = 5.15 eV [31].
hese samples were compared to binary compounds (GaAs and

nP). Only the work function of GaAs could be found in literature
ΦGaAs = 5.3 eV) [13]. Si, GaAs and InP were mono-crystalline
amples, and thus ideal for a fundamental study of ionization
rocesses, whereas Al and Ni were polycrystalline and thereby
loser to industrial samples and to any future applications of the
ewly developed technique. For GaAs and Ni, important rough-
ess formation has already been observed in the previous paper
or Ga+/Cs◦ bombardment, so that no experiments have been
ealized on those samples under given experimental conditions
27].

For a large number of erosion and Cs◦ deposition rates, the
nergy distributions of the M− secondary ions were recorded on
he five samples.

. Results

.1. Definitions

The energy distributions of secondary ions are recorded for
ifferent experimental conditions with defined erosion and Cs◦
eposition rates. These conditions produce a Cs surface con-
entration that cannot be determined in situ. Therefore, this

oncentration will be described by characteristic parameters and
t is considered to be a mean surface concentration in a volume
lose to the sample surface. These parameters have already been
efined in a previous paper [27].
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Fig. 1. Normalized energy distributions for Ga+/Cs◦ bombardment with

For Ga+ bombardment with simultaneous Cs◦ deposition
Ga+/Cs◦ bombardment), the Cs surface concentration is char-
cterized by the parameter τ which only depends on analytical
arameters that can be determined easily [26,27]:

= verosion

vdeposition
(1)

here verosion is the erosion velocity and vdeposition is the Cs◦
eposition velocity. The erosion rate is calculated by taking the
IMS crater depth and the sputtering time into account and the
s◦ deposition rate is measured by a quartz microbalance.

By analogy to relation (1), the Cs surface concentration for
s+ bombardment and simultaneous Cs◦ deposition (Cs+/Cs◦
ombardment) is characterized by the parameter T [27]:

= verosion (2)

vdeposition

Due to additional Cs incorporation by the Cs+ bombard-
ent, a different parameter has to be defined for the Cs+/Cs◦

ombardment than for the Ga+/Cs◦ bombardment [27].

t
[
f
e

ct to the characteristic parameter τ: (a) on Si, (b) on InP, and (c) on Al.

.2. Ga+/Cs◦ bombardment

Normalized energy distributions of negative secondary ions
puttered from Si, InP and Al surfaces under Ga+/Cs◦ bombard-
ent are shown in Fig. 1 (zoom on the low-energy region of

he spectra). They have been recorded for the parameter τ var-
ed over a large range. For the InP sample, P− ions have been
etected because they present a much higher secondary ion ion-
zation probability than In. Fig. 1 shows that for varying values
f �, the whole energy distributions are shifted with respect to
he energy axis while their shape mainly remains unchanged.

The relative variations of the electron work function can be
xtracted from the energy distributions by fitting the low-energy
art of the distributions with tangents (part of fast increase which
s represented in Fig. 1). The intercepts of the tangents with
he energy axis were chosen as a marker of the spectra posi-

ion and used for the evaluation of the work function variations
32,33,15,34]. The curve obtained for the highest value of τ,
or example τ equal to 51.1 for Si (Fig. 1a), corresponds to the
xperimental conditions of lowest Cs surface concentration and
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Fig. 2. Relative variations of electron work function Φ with respect to th

s defined as origin of the relative work function variations. The
hifts of the other curves with respect to that curve define the
elative variations of the electron work function induced by the
s◦ deposition. The electron work function shifts with respect

o the characteristic parameter τ have been plotted in Fig. 2 for
he Si, InP and Al samples.

The different work function curves of Fig. 2 show a similar
ehavior. For high values of τ, and thus for small Cs surface con-
entrations, the electron work function Φ is almost not reduced.
his reduction becomes more important for small values of τ

high Cs surface concentrations). The maximum decrease of Φ

epends on the sample. For Si, the maximum decrease is of
1.8 eV while it is of −1.7 eV for InP and of −2.8 eV for Al.
Next, the electron work function is plotted with respect to

he Cs surface concentrations which have been calculated by
he simulation code TRIDYN in a previous paper (Fig. 3) [28].

he simulated concentrations obtained by TRIDYN gave only
pproximate values of the Cs surface concentration CCs. Nev-
rtheless they allow to compare the variations of the electron
ork function as a function of the Cs surface concentration to

−
f

t

meter τ for Ga+/Cs◦ bombardment: (a) on Si, (b) on InP, and (c) on Al.

xperimental results found in literature for the adsorption of
s on different samples (without ion irradiation, and thus no
erturbation of the sample surface) [10,11,13,35].

As shown in Fig. 3, at 0 concentration (work function of the
irgin sample) the values of the electron work function Φ have
een obtained by linear extrapolation from the small concentra-
ions [36]. So the values indicated are no longer relative changes
f Φ, but absolute variations of that parameter. At small concen-
rations, the electron work function Φ of Si decreases steeply to
value of −1.2 eV (Fig. 3a). This decrease cannot be observed
n curves for Cs adsorption in general [11,13,35] and is proba-
ly due to errors in the calculations of the parameter τ [28] as
ell as to the limits of the simulation of the Cs surface concen-

ration [28]. For higher CCs, the decrease is more moderate and
he maximum decrease of Φ at −1.8 eV is reached at CCs equal
o 0.41. Afterwards Φ increases slightly to reach a final value of
1.5 eV at CCs equal to 0.58. This behaviour is characteristic
or metals and is also found for Si [35,37].

In the case of InP (Fig. 3b), a steep decrease of Φ at CCs close
o 0 is also observed. The explanations for this behaviour are the
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Fig. 3. Variations of electron work function Φ with respect to the Cs surfac

ame than for Si. Towards higher CCs, Φ decreases constantly
nd no minimal value is reached. This is observed for Cs adsorp-
ion on semi-conductors in general [13,38]. Experimentally, the
argest decrease of Φ (�Φ = −1.7 eV) is observed at CCs equal
o 0.8.

The Al sample behaves similarly than Si (Fig. 3c). The
inimal Φ (�Φ = −2.9 eV) is reached at CCs equal to 0.87.
fterwards Φ increases slightly up to a relative value of −2.6 eV.
his slight increase is expected for metals [11], but it can also be
roduced by instabilities in the electronics of the CMS instru-
ent. CCs larger than 1 are due to the extrapolation at low values

f τ and have been discussed in a previous paper [28].
In a previous paper, the sensitivities of negative secondary

ons have been discussed in terms of useful yield which has

een defined by [27]:

Y(M−) = number of detected M−ions

number of sputtered M atoms
(3)

s
o
s
i

centration for Ga+/Cs◦ bombardment: (a) on Si, (b) on InP, and (c) on Al.

In that paper, the useful yield has been discussed with respect
o the parameter τ. However, plotting the useful yield with
espect to the variations of Φ is substantial in order to com-
are the experimental results to the electron-tunneling model
escribing ion emission from metallic and semi-conducting sur-
aces. The electron-tunneling model is given by the following
quation:

β−
M = 1, if φ < A

β−
M ∝ e−((φ−A)/εn), if φ > A

(4)

here β−
M is the secondary ion ionization probability, Φ the elec-

ron work function of the sample, A the electron affinity of the

puttered atom and εn is proportional to the normal component
f the velocity with which the sputtered atom leaves the sample
urface. The deposited Cs decreases Φ. The useful yield, which
s proportional to β−

M, varies exponentially with Φ.
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Fig. 4. Useful yield variation with respect to the electron work fu

This behavior is plotted in Fig. 4 for the Si, InP and Al sam-
les. The useful yield values have been taken from a previous
aper [27]. Here they have been represented as a function of
he variations of Φ which have been obtained in this work.
or Si (Fig. 4a), the useful yield is smallest for the work
unction value of the virgin sample and increases by almost
hree orders of magnitude for decreasing values of Φ. The
lectron-tunneling model predicts an exponential increase of
he useful yield for a decreasing Φ, which cannot be observed
or Si. On Fig. 4b, the useful yields of In− and P− increase
xponentially for decreasing values of Φ. This behaviour cor-
esponds to the electron-tunneling model for Φ larger than
he electron affinity of In and P. However a saturation of the
seful yields, corresponding to the predictions of the electron-

unneling model when Φ becomes smaller than the electron
ffinity, cannot be observed. Probably the Φ decrease induced
y the deposition of Cs is not important enough. Nevertheless,
sensitivity increase of three orders of magnitude is obtained.

a
h
e
m

for Ga+/Cs◦ bombardment: (a) on Si, (b) on InP, and (c) on Al.

n the Al sample (Fig. 4c), a similar behaviour than for Si is
bserved.

.3. Cs+/Cs◦ bombardment

The normalized energy distributions for Cs+/Cs◦ bombard-
ent on Si, GaAs, InP, Al and Ni are shown in Fig. 5 (zoom on the

ow-energy region of the spectra). Like for Ga+/Cs◦ bombard-
ent, they have been recorded for the characteristic parameter
varied over a large range. Negative secondary ions giving rise

o the highest intensities have been chosen: for GaAs As− ions
ave been detected and for InP P− ions have been selected.
t small energies (high negative sample potentials), secondary

on intensities increase rapidly. A similar behaviour is found on

ll samples. The slow decrease of the energy distributions at
igher energies is not shown because it is of no interest for the
valuation of the electron work function evolutions. The same
ethod than for Ga+/Cs◦ bombardment has been used to extract



76 P. Philipp et al. / International Journal of Mass Spectrometry 264 (2007) 70–83

F t to th
(

t
d

t

ig. 5. Normalized energy distributions for Cs+/Cs◦ bombardment with respec
e) on Ni.
hese variations of the electron work function Φ from the energy
istributions.

The variations of Φ are shown in Fig. 6. At high values of
he characteristic parameter T, Φ is almost constant, while it

d
d
b
f

e characteristic parameter T (a) on Si, (b) on GaAs, (c) on InP, (d) on Al, and
ecreases rapidly at high CCs (small values of T). The maximum
ecrease of Φ depends on the sample, as observed for Ga+/Cs◦
ombardment. This maximum decrease of Φ is equal to −2.8 eV
or Si (Fig. 6a), while higher decreases are observed for GaAs
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Fig. 6. Relative variations of electron work function Φ with respect to the parameter T for Cs+/Cs◦ bombardment: (a) on Si, (b) on GaAs, (c) on InP, (d) on Al, and
(e) on Ni.
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Fig. 7. Variations of electron work function Φ with respect to the Cs surface concentration for Cs+/Cs◦ bombardment: (a) on Si, (b) on GaAs, (c) on InP, (d) on Al,
and (e) on Ni.
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short in order to guarantee the experiments to be realized beyond
the pre-equilibrium regime. In fact, for small values of τ and T,
the Cs deposition rates get important compared to the erosion
rates which lengthens the transient regime.

Table 1
Relative decrease of the electron work function for the Si, GaAs, InP, Al and Ni
samples obtained for Ga+/Cs◦ and Cs+/Cs◦ bombardments

Ga+/Cs◦ bombardment (eV) Cs+/Cs◦ bombardment

Si −1.8 −2.8
P. Philipp et al. / International Journa

�Φ = −4.7 eV, Fig. 6b) and InP (�Φ = −4.3 eV, Fig. 6c). For Al
nd Ni, maximum decreases of −1.9 and −2.4 eV are observed
Fig. 6d and e).

Next, Φ is plotted with respect to CCs which has been sim-
lated by the TRIDYN code in a previous paper [28] (Fig. 7).
alues of Φ for CCs equal to 0 have been obtained by extrapo-

ation from the small Cs surface concentrations [32,33,15,34].
s already mentioned, TRIDYN gave only approximate val-
es of CCs, which nevertheless allow to compare the variations
f Φ as a function of CCs to experimental results found in the
iterature.

For Si (Fig. 7a), Φ decreases constantly until reaching the
inimal value of −3.2 eV at CCs equal to 1.1. Afterwards it

ncreases slightly up to a decrease of −2.3 eV. This behaviour
f Si has also been found in literature for Cs adsorption on Si
35,37]. CCs larger than 1 is due to an extrapolation at small
alues of T, which has already been discussed in a previous
aper [28].

As shown in Fig. 7b Φ of the GaAs sample decreases
xtremely rapidly down to a relative value of −3.3 eV. This steep
ecrease has not been observed in literature for Cs adsorption
n semi-conductors [35,37,38], and GaAs in particular [13]. It
s probably due to uncertainties in CCs obtained by simulations
sing the TRIDYN code [28]. The small increase of Φ at CCs
igher than 0.9 is probably due to shifts in the CMS electron-
cs. For the InP sample, a similar behaviour than for the GaAs
ample has been found (Fig. 7c).

For Al (Fig. 7d), Φ decreases constantly with increasing CCs
ithout reaching a minimum. Apparently the Cs deposition does
ot allow to reach the lowest Φ that are possible on Al.

On the Ni sample (Fig. 7e), Φ decreases rather steeply for
alues of CCs varying between 0 and 0.35. For higher Cs sur-
ace concentrations, the Φ decrease becomes more moderate and
eaches the minimal value of −1.9 eV at CCs equal to 1.35. A
mall increase of Φ for higher CCs cannot be identified clearly.
his is expected for metals and for Ni in particular at high CCs

31].
Identically to Ga+/Cs◦ bombardment, the useful yields of

econdary ions sputtered from the different samples are plotted
ith respect to the electron work function in order to com-
are the experimental results to the electron-tunneling model.
etails have been given in the previous paragraph. The results

or Cs+/Cs◦ bombardment are shown in Fig. 8.
As shown in Fig. 8a, this behaviour of Si− corresponds to the

redictions of the electron-tunneling model for Φ larger than
he electron affinity of the sputtered atom. A saturation of the
seful yields, indicating total ionization of the sputtered atoms
when Φ smaller than the electron affinity of the sputtered atom)
annot be observed. The decrease of Φ induced by the deposition
f Cs results in a useful yield increase of about two orders of
agnitude.
The useful yield variations of Ga− and As− are plotted in

ig. 8b. No saturation of the useful yields can be observed.

his has been expected because As and Ga have lower electron
ffinities than Si. A similar behaviour has been found for the
nP sample (Fig. 8c). Therefore the explanations for the GaAs
ample are also valid for this sample.

G
I
A
N
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The Al sample (Fig. 8d) shows a similar behaviour than Si
owever the useful yield gain induced by the decrease of Φ is
imited to 1.5 orders of magnitude.

On the Ni sample (Fig. 8e), the Ni− useful yield decreases
nly moderately for the smallest values of Φ (variations of Φ

anging from −1.6 to −0.8 eV). This decrease becomes only
xponential for variations of Φ smaller than −0.8 eV. The sec-
nd part of the curve with the exponential variations of the useful
ield corresponds to the predictions of the electron-tunneling
odel when Φ is larger than the electron affinity of Ni, while

he almost constant useful yield values correspond to the predic-
ions when Φ is smaller than the electron affinity. The smooth
rossover from one part of the model to the other is explained by
he influence of parameters other than Φ and the electron affinity
39,40].

. Discussion

.1. Comparison of Φ variations for Ga+/Cs◦ and Cs+/Cs◦
ombardment

The variation of the electron work function with respect to
he characteristic parameters τ and T is similar for both types
f ion bombardments. A small decrease of Φ is observed for
igh values of τ and T and gets more important towards smaller
alues of τ and T (and thus for higher Cs surface concentrations)
o present a steep decrease at highest Cs surface concentra-
ions. For Ga+/Cs◦ and Cs+/Cs◦ bombardment on the same
ample, different values for the maximum decrease of Φ have
een obtained (Table 1). For a number of samples, these differ-
nces are important. This can be seen for example in the case
f InP (�Φ = −1.7 eV for Ga+/Cs◦ bombardment compared to
Φ = −4.3 eV for Cs+/Cs◦ bombardment). These fluctuations

re due to different maximum Cs surface concentrations. On the
ne hand, CCs rapidly increases for small values of τ and T [27]
nd a small fluctuation of CCs can induce an important variation
f Φ (Figs. 3 and 7). On the other hand, the experimental series
ad to be realized in a short time period in order to avoid any
hifts in the electronics which could produce a shift on the mass
pectrometer voltages. This voltage shift would add to the work
unction shift and falsify the experimental results. Especially for
he small values of τ and T, the acquisition times could be too
aAs – −4.1
nP −1.7 −4.3
l −2.8 −1.9
i – −1.7
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F /Cs◦

4

t

ig. 8. Useful yield variation with respect to the electron work function for Cs+
.2. Comparison of Φ variations with results from literature

The variations of the electron work function with respect
o the Cs surface concentration, which have been obtained for

G
o
s
b

bombardment: (a) on Si, (b) on GaAs, (c) on InP, (d) on Al, and (e) on Ni.
a+/Cs◦ and Cs+/Cs◦ bombardment, will be compared to each
ther and to values found in literature. For most samples, no
ignificant differences between the Ga+/Cs◦ and the Cs+/Cs◦
ombardment can be seen for the work function variations with
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Table 2
Maximal electron work function decrease in eV for Si, GaAs, InP, Al and Ni samples [11,12,30,36,40,41] under Ga+/Cs◦ and Cs+/Cs◦ bombardment conditions and
for values found in literature

Ga+/Cs◦ bombardment (eV) Cs+/Cs◦ bombardment (eV) Literature

Si −1.8 −3.2 −3.4 to −3.6 eV [36,40]
GaAs – −4.2 −2.6 to −3.6 eV [12,41]
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espect to the Cs surface concentration. A fast decrease of Φ

t low CCs is followed by minimal values of Φ and for some
amples with a small increase of Φ at the highest CCs.

During our experiments, the most important decrease of Φ

n Si has been obtained for Cs+/Cs◦ bombardment (maximal
ecrease of −3.2 eV compared to −1.8 eV for Ga+/Cs◦ bom-
ardment). The value of �Φ equal to −3.2 eV is comparable
o the maximal values of �Φ that have been obtained in litera-
ure (−3.2 to −3.6 eV, Table 2) [37,41]. So CCs has almost been
ptimized during our study in order to minimize Φ and obtain
aximal Si− useful yields.
For the GaAs sample, only the results from Cs+/Cs◦ bom-

ardment can be compared to the values from literature. The
aximal decrease of −4.2 eV obtained experimentally is below

he maximal values that have been found in literature and which
over the range from −2.6 eV (GaAs(0 0 1), [12]) to −3.6 eV
GaAs(1 1 0), [42]) (Table 2). Possibly, the difference is due
o target modification by ion bombardment with simultaneous
s◦ deposition and thereby induced roughness formation in the

rradiated area.
Experimentally, the Φ decrease obtained on InP by Cs+/Cs◦

ombardment (−4.3 eV) is significantly larger than the maximal
ecrease obtained by Ga+/Cs◦ bombardment (−1.7 eV). No val-
es for a maximal decrease of Φ have been found in the literature
o that the accuracy of the experimental values cannot be verified
Table 2).

On the Al sample, the Ga+/Cs◦ bombardment produces a
ecrease of Φ down to a minimal value followed by a small
ncrease, while the Cs+/Cs◦ bombardment implies a constant
ecrease of Φ (Fig. 3c and 7d). Besides, the largest decrease of

has been obtained for Ga+/Cs◦ bombardment (−2.9 eV com-
ared to −2.2 eV for Cs+/Cs◦ bombardment). This is slightly
arger than the maximal decrease of −2.4 eV which has been
ound for Cs◦ deposition on Al(1 1 1) (Table 2) [11]. However,
he differences between experimental values obtained by ion
ombardment with simultaneous Cs◦ deposition and the value
rom literature is rather small. The slightly higher Φ decrease
btained for Ga+/Cs◦ bombardment is probably due to the sur-
ace roughness that has been induced by the Ga+ bombardment
nd which is significantly larger than the roughness obtained by
s+ bombardment [27].

On the Ni sample, the decrease for the Cs+/Cs◦ bombard-
ent is limited to −1.9 eV. The observed maximal decrease
s largely smaller than the value found in literature (−3.1 eV)
31] (Table 2). The difference between the value that has been
btained experimentally and the value taken out of literature is
ither due the polycrystalline Ni sample we used or to the too

b
G
I
t

4.3 –
2.2 −2.4 eV [11]
1.9 −3.1 eV [30]

ow Cs surface concentration. In fact, the electron work function
epends on the crystalline orientation and on a polycrystalline
ample this orientation is averaged over several grains.

.3. Useful yield variations as a function of Φ

The useful yield variations with respect to the electron work
unction have been plotted in Figs. 4 and 8. For Si, both bom-
ardment types produce different behaviours. For the Cs+/Cs◦
ombardment, the Si− useful yield decreases exponentially with
espect to the increasing electron work function which agrees
ith the predictions of the electron-tunneling model, while the
ecrease of the Si− useful yield for Ga+/Cs◦ bombardment is not
inear on the semi-log scale. The useful yield of Si−decreases
teeply for the lowest values of Φ and changes to almost constant
alues at high values of Φ. Besides, for both types of primary
ons constant useful yield values indicating Φ smaller than the
lectron affinity cannot be seen. For both bombardments, the
ecrease of Φ induced by the deposition of CCs is not important
nough. Nevertheless, as already discussed in a previous paper
27], the ionization of sputtered Si must be total or at least almost
otal, showing that the deposition of Cs decreased the value of

closely to the electron affinity of Si.
The Al sample shows an exponential decrease of the useful

ield for the Cs+/Cs◦ bombardment (linear decrease on semi-
og scale) and a steep decrease at low values of Φ and almost
onstant useful yields at high values of Φ for the Ga+/Cs◦ bom-
ardment. As Al and Si show a similar behaviour, an influence
f the primary ion type on the decrease of Φ with respect to CCs
annot be excluded. They could derive from a different mixing
f the deposited Cs atoms with the atoms of the sample for both
ypes of primary ions.

In contrast to the results obtained for Si−and Al− ions, no
ignificant differences have been observed on the InP sample for
oth types of primary bombardment. As well for the Ga+/Cs◦
ombardment as for the Cs+/Cs◦ bombardment, the useful yields
f In− and P− decrease exponentially with increasing values of
. Fluctuations on the curves are probably due to uncertainties in

he useful yield evaluation and the work function measurement.
o, besides the primary ion type, the sample composition has
robably also an influence on the variation of Φ with respect to
s deposition.

For the Ni and GaAs samples, only results for the Cs+/Cs◦

ombardment have been obtained. The useful yields of As− and
a− show a similar behaviour than the useful yields of P− and

n−. The useful yield of Ni− shows a distinct behaviour from
he other samples with almost constant useful yield values at low
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alues of Φ and an exponential decrease at higher values of Φ.
t matches the predictions of the electron-tunneling model.

Our results of the work function evaluation indicate that the
s+/Cs◦ bombardment produces exponential variations of the
seful yields for all elements. Only for Ni, the results agree with
he predictions of the electron-tunneling model (constant use-
ul yields at low work function values and exponential decrease
t higher values of Φ). For Al, the roughness formation at the
rater bottom influences results. The semi-conductor Si, with a
igher electron affinity and a lower electron work function than
i, shows no constant useful yield values at low values of Φ,
hile smaller values of Φ than for Ni have been reached. For

he Si and Al sample, the differences with the electron-tunneling
odel are even larger for the Ga+/Cs◦ bombardment than for

he Cs+/Cs◦ bombardment. Almost no differences between both
on bombardments can be seen for the InP sample. Besides the
rimary ion type and the atomic mixing of Cs, the roughness
ormation at the crater bottom for certain experimental condi-
ions, especially for polycrystalline samples, must be taken into
ccount.

. Conclusion

For several samples, the energy distributions of secondary
ons have been recorded under Ga+ bombardment with simul-
aneous Cs◦ deposition and under Cs+ bombardment with
imultaneous Cs◦ deposition in order to calculate the decrease
f the electron work function induced by the deposition of Cs
nd to quantify the influence of Cs deposition on the useful
ield increases. The electron work functions have been plotted
ith respect to several parameters. In that way, they could be dis-

ussed with respect to the experimental conditions and compared
o work function variations taken from literature and which have
een obtained for Cs adsorption (without ion irradiation) on sev-
ral samples. A comparison with the electron-tunneling model
ecomes possible after plotting the useful yields with respect to
he work function variations.

In that way, the increase of the useful yields, which have
lready been observed for the deposition of Cs in a previous
aper, could be explained by the decrease of the electron work
unction. It has been shown that the deposition of Cs induces a
ecrease of the sample work function which then produces a gain
f the useful yield. In general, this behaviour can be predicted
y the electron-tunneling model and by the data available for
he adsorption of Cs on different samples. In contrast to the
xperimental conditions of Cs adsorption, the Cs atoms were
artially introduced into the sample by atomic mixing under
a+ and Cs+ bombardment in this work.
Similar behaviours between our experimental work function

ariations and Cs adsorption curves taken from literature have
een found. However, minimal values of the work function as
ell as the shape of the curves did not match for all samples
r bombardment conditions. Differences are partially due to

issimilarities in atomic mixing and thereby induced rough-
ess formation on the crater bottom under ion irradiation and
o uncertainties in the evaluation of the Cs surface concentra-
ion or the characteristic parameters τ and T. The useful yield
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ariations with respect to the work function variations matched
lso partially the predictions of the model, especially for Ni. For
ther samples, only the exponential decrease of the useful yield
as observed. No constant useful yields for low values of the
ork function have been observed, and for same samples the
ecrease was not linear on a semi-log scale. These differences
re due to the factors mentioned above. The primary ion type
s well as the sample composition influence the atomic mixing
f Cs and influence probably the variation of the electron work
unction. The evaluation of the experimental data is also com-
licated by the formation of roughness formation on the crater
ottoms.

Nevertheless, ion bombardment with simultaneous Cs depo-
ition increases much the sensitivity of SIMS by several orders of
agnitude, which can be attributed to a work function decrease

nduced by the deposition (and the incorporation into the sample)
f cesium. The behaviour at maximal Cs surface concentrations
nd for different types of primary ions and sample compositions
as to be verified.
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