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Abstract

The negative secondary ion yields in secondary ion mass spectrometry (SIMS) increase when electropositive elements, especially alkali metals,
are used as primary ions. In previous papers by the same authors, useful yield variations of several elements have been studied experimentally
with respect to the neutral cesium deposition conditions. Besides, the Cs surface concentrations have been simulated using the TRIDYN code. The
determined secondary ion sensitivities have been discussed with respect to the experimental conditions and they have been compared to the electron-
tunneling model describing ion emission from metallic and semi-conducting samples. In this paper, the variations of the electron work function of
the sample will be studied with respect to the experimental conditions used in the previous papers. The energy distributions of negative secondary
ions will be recorded for the different experimental conditions. The electron work function shift, on which is based the electron-tunneling model
and which thus gives evidence for the influence of cesium on ion emission, is extracted from these distributions. The variations of the electron work
function are discussed with respect to the experimental conditions as well as the simulated cesium surface concentration. Besides, the secondary

ion 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.
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1. Introduction

Secondary ion mass spectrometry (SIMS) constitutes an
extremely powerful technique for analyzing surfaces and thin
films, which is in particular due to its excellent sensitivity, its
high dynamic range and its good depth resolution [1,2]. It is
widely used for the analysis of trace elements in solid materials
like semi-conductors and thin films [1-3]. Emerging fields of
applications for SIMS are biology and medicine in particular
[4-6].

Atthe same time, the SIMS technique is hampered by the lack
of quantification [7]: the ionization probability of secondary ions
and thus the sensitivity of the analysis depends on the sample
composition. This phenomenon is known as the matrix effect.
In fact, the emission of secondary ions is very sensitive to the
chemical state of the sample surface [3,7,8]. Especially, depo-
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sition and incorporation of electropositive elements drastically
increases negative secondary ion yields on most surfaces. This
increase of the analysis sensitivity can cover several orders of
magnitude [9]. The deposition or incorporation of alkali met-
als (and in particular cesium) has been shown to decrease the
electron work function of the sample [10-14] which induces
an increase of the negative secondary ion sensitivity [15,16].
Hence, the negative secondary ion yields depend strongly on
the stationary Cs surface concentration [9,15,17-19].

Because of the abovementioned reasons, Cs* primary ion
bombardment is widely used in SIMS analysis to effect this neg-
ative ion yield enhancement, thus providing higher detection
sensitivities. On commercial dynamic SIMS instruments, this
bombardment serves both for Cs incorporation into the sample
and for sputtering. In such conditions, the primary ion bombard-
ment conditions as well as the characteristics of the analyzed
sample imply a distinct total sputtering yield, and consequently
determine the Cs surface concentration. Hence, the Cs surface
concentration is almost fixed for a given sample and an optimiza-
tion of secondary ion yields is impossible. Studies examining
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the influence of the Cs surface concentration on negative sec-
ondary ion sensitivities were mainly limited to the evolution
of the Cs surface concentrations in the transient regime or the
surface concentrations obtained under different bombardment
conditions [15,19].

The Cation Mass Spectrometer (CMS) is a SIMS prototype
developed in our laboratory, which has been designed to over-
come these problems [20-25]. The instrument is equipped with a
neutral Cs® evaporator [26] to vary the Cs surface concentration
over the whole range and to ensure in that way an optimal Cs sur-
face concentration for maximum MCs,* or negative secondary
ion sensitivities. In such experimental conditions, the adjustment
of the Cs surface concentration is decoupled from primary bom-
bardment and the primary ion type can be chosen with respect
to the application. Detailed studies on the evolution of negative
secondary ion sensitivities [27] and the simulated Cs surface
concentration with respect to the Cs deposition conditions [28]
have been presented in previous papers.

In this paper, the energy distributions of the secondary ions
studied in the previous papers [27,28] will be measured with
respect to the experimental conditions. The sample will under-
lie ion bombardment with simultaneous neutral cesium Cs°
deposition. The relative variations of the electron work func-
tion will be extracted from that data and will be discussed with
respect to the experimental conditions. By plotting the electron
work function as a function of the simulated Cs surface con-
centration (the data of the previous paper is used, [28]), the
experimental results obtained by ion irradiation and simulta-
neous Cs° deposition can be compared to results in literature
which were obtained for neutral Cs adsorption on various sam-
ples. Besides, a straight comparison of the experimental results
with the electron-tunneling model, used to describe secondary
ion emission from metallic and semi-conducting surfaces, is
possible when plotting secondary ion yields with respect to the
variations of the electron work function. Fundamental aspects
linked to enhanced ion emission will be discussed and final
conclusions regarding the influence of Cs° deposition on ion
emission can be drawn.

2. Experimental

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

At the moment, the CMS is equipped with two ion guns and a
patented neutral Cs® evaporator which has been developed in our
laboratory. The Ga* LMIS was operated with an impact energy
of 32.5keV and primary beam currents between 100 pA and
5nA. In order to vary the erosion rate and to adapt the Cs surface
concentration, we changed the irradiation density with Ga* ions
by adjusting the dimensions of the scanned surface. The primary
ion beam was thus raster-scanned across a quadratic area vary-
ing from 25 pm x 25 pm to 100 wm x 100 wm. The Cs™ sputter
ion gun was run with an impact energy of 13 keV and primary
beam currents ranging between 3 and 19 nA. The ion bombard-
ment density was adjusted by varying the dimensions of the
scanned area between 30 pm x 30 pm and 300 wm x 1200 pm.
The neutral Cs deposition rates, which were measured by means

of a quartz microbalance system, were altered between 0.4 and
3.0 A/s. During the experiments, the Cs® deposition was used
simultaneously with one of the aforementioned ion guns. The
sample was positioned at a distance of 3.5 mm from the extrac-
tion lens.

The shifts of the work function are detected as a variation of
the contact potential between the sample and the electrostatic
analyser, which provokes a shift in the secondary ion energy
spectra. In order to record these energy spectra, the sample
potential, which is normally set to —4500V for the analysis of
negative secondary ions, was scanned from —4400 to —4520V,
while the remaining secondary optics remained unchanged. A
good precision of the electron work function variations was
obtained by reducing the energy bandwidth AE of the spec-
trometer from 130 to 2-3 eV. Experimentally, its accuracy has
been determined to be equal to 0.15eV [29]. The mass spec-
trometer was operated at a mass resolution of M/AM equal to
300.

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

To study the electron work function variations with respect
to the Cs surface concentration Ccs and to observe the influ-
ence of the sample work function on ionization, we opted for
samples of aluminium, silicon and nickel, given that these mate-
rials cover a considerable range of the work function scale:
Pp1=4.28eV [30], @si=4.85eV [30] and &n; =5.15¢eV [31].
These samples were compared to binary compounds (GaAs and
InP). Only the work function of GaAs could be found in literature
(DGanas=95.3eV) [13]. Si, GaAs and InP were mono-crystalline
samples, and thus ideal for a fundamental study of ionization
processes, whereas Al and Ni were polycrystalline and thereby
closer to industrial samples and to any future applications of the
newly developed technique. For GaAs and Ni, important rough-
ness formation has already been observed in the previous paper
for Ga*/Cs° bombardment, so that no experiments have been
realized on those samples under given experimental conditions
[27].

For a large number of erosion and Cs® deposition rates, the
energy distributions of the M~ secondary ions were recorded on
the five samples.

3. Results
3.1. Definitions

The energy distributions of secondary ions are recorded for
different experimental conditions with defined erosion and Cs°
deposition rates. These conditions produce a Cs surface con-
centration that cannot be determined in situ. Therefore, this
concentration will be described by characteristic parameters and
it is considered to be a mean surface concentration in a volume
close to the sample surface. These parameters have already been
defined in a previous paper [27].
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Fig. 1. Normalized energy distributions for Ga*/Cs® bombardment with respect to the characteristic parameter 7: (a) on Si, (b) on InP, and (c) on Al.

For Ga* bombardment with simultaneous Cs° deposition
(Ga*/Cs° bombardment), the Cs surface concentration is char-
acterized by the parameter T which only depends on analytical
parameters that can be determined easily [26,27]:

Verosion (1)

Udeposition

Where Verosion 18 the erosion velocity and veposition 18 the Cs®
deposition velocity. The erosion rate is calculated by taking the
SIMS crater depth and the sputtering time into account and the
Cs® deposition rate is measured by a quartz microbalance.

By analogy to relation (1), the Cs surface concentration for
Cs* bombardment and simultaneous Cs° deposition (Cs*/Cs°®
bombardment) is characterized by the parameter 7 [27]:

T— Verosion )
Udeposition
Due to additional Cs incorporation by the Cs™ bombard-
ment, a different parameter has to be defined for the Cs*/Cs°
bombardment than for the Ga*/Cs° bombardment [27].

3.2. Ga*/Cs° bombardment

Normalized energy distributions of negative secondary ions
sputtered from Si, InP and Al surfaces under Ga*/Cs°® bombard-
ment are shown in Fig. 1 (zoom on the low-energy region of
the spectra). They have been recorded for the parameter t var-
ied over a large range. For the InP sample, P~ ions have been
detected because they present a much higher secondary ion ion-
ization probability than In. Fig. 1 shows that for varying values
of 7, the whole energy distributions are shifted with respect to
the energy axis while their shape mainly remains unchanged.

The relative variations of the electron work function can be
extracted from the energy distributions by fitting the low-energy
part of the distributions with tangents (part of fast increase which
is represented in Fig. 1). The intercepts of the tangents with
the energy axis were chosen as a marker of the spectra posi-
tion and used for the evaluation of the work function variations
[32,33,15,34]. The curve obtained for the highest value of t,
for example t equal to 51.1 for Si (Fig. 1a), corresponds to the
experimental conditions of lowest Cs surface concentration and
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Fig. 2. Relative variations of electron work function @ with respect to the parameter 7 for Ga*/Cs® bombardment: (a) on Si, (b) on InP, and (c) on Al.

is defined as origin of the relative work function variations. The
shifts of the other curves with respect to that curve define the
relative variations of the electron work function induced by the
Cs® deposition. The electron work function shifts with respect
to the characteristic parameter t have been plotted in Fig. 2 for
the Si, InP and Al samples.

The different work function curves of Fig. 2 show a similar
behavior. For high values of t, and thus for small Cs surface con-
centrations, the electron work function @ is almost not reduced.
This reduction becomes more important for small values of t
(high Cs surface concentrations). The maximum decrease of @
depends on the sample. For Si, the maximum decrease is of
—1.8eV while it is of —1.7eV for InP and of —2.8 eV for Al.

Next, the electron work function is plotted with respect to
the Cs surface concentrations which have been calculated by
the simulation code TRIDYN in a previous paper (Fig. 3) [28].
The simulated concentrations obtained by TRIDYN gave only
approximate values of the Cs surface concentration Ccs. Nev-
ertheless they allow to compare the variations of the electron
work function as a function of the Cs surface concentration to

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

As shown in Fig. 3, at 0 concentration (work function of the
virgin sample) the values of the electron work function @ have
been obtained by linear extrapolation from the small concentra-
tions [36]. So the values indicated are no longer relative changes
of @, but absolute variations of that parameter. At small concen-
trations, the electron work function @ of Si decreases steeply to
a value of —1.2eV (Fig. 3a). This decrease cannot be observed
on curves for Cs adsorption in general [11,13,35] and is proba-
bly due to errors in the calculations of the parameter 7 [28] as
well as to the limits of the simulation of the Cs surface concen-
tration [28]. For higher Ccs, the decrease is more moderate and
the maximum decrease of @ at —1.8 eV is reached at Ccg equal
to 0.41. Afterwards @ increases slightly to reach a final value of
—1.5eV at C¢s equal to 0.58. This behaviour is characteristic
for metals and is also found for Si [35,37].

In the case of InP (Fig. 3b), a steep decrease of @ at Cc close
to 0 is also observed. The explanations for this behaviour are the
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Fig. 3. Variations of electron work function @ with respect to the Cs surface concentration for Ga*/Cs® bombardment: (a) on Si, (b) on InP, and (c) on Al.

same than for Si. Towards higher Ccs, @ decreases constantly
and no minimal value is reached. This is observed for Cs adsorp-
tion on semi-conductors in general [13,38]. Experimentally, the
largest decrease of @ (A®=—1.7eV) is observed at Cc, equal
to 0.8.

The Al sample behaves similarly than Si (Fig. 3c). The
minimal @ (A®=-2.9eV) is reached at Ccs equal to 0.87.
Afterwards @ increases slightly up to arelative value of —2.6eV.
This slight increase is expected for metals [11], but it can also be
produced by instabilities in the electronics of the CMS instru-
ment. Ccs larger than 1 are due to the extrapolation at low values
of T and have been discussed in a previous paper [28].

In a previous paper, the sensitivities of negative secondary
ions have been discussed in terms of useful yield which has
been defined by [27]:

number of detected M ~ions

UY(M™) = 3)

number of sputtered M atoms

In that paper, the useful yield has been discussed with respect
to the parameter t. However, plotting the useful yield with
respect to the variations of @ is substantial in order to com-
pare the experimental results to the electron-tunneling model
describing ion emission from metallic and semi-conducting sur-
faces. The electron-tunneling model is given by the following
equation:

15
o e—(@=A)/en).

Pm
Pm

ifgp < A

ifgp > A @

where By, is the secondary ion ionization probability, @ the elec-
tron work function of the sample, A the electron affinity of the
sputtered atom and &, is proportional to the normal component
of the velocity with which the sputtered atom leaves the sample
surface. The deposited Cs decreases @. The useful yield, which
is proportional to By, varies exponentially with @.



P. Philipp et al. / International Journal of Mass Spectrometry 264 (2007) 70-83 75

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

Work function shift (eV)

0.0

10_2 E T T T T T T T T T
1' | PRNLEI R TN P I L FR E
" (@) '
- 3 i
B ] 10° L
- 10* |
o 10°F . i 3
2 ] > &
> 5 10°L
2 ‘@ ;
(] w
£ % 1 o]
-6
'-U_J 10'3 e t - o | 3
[ " TTI 107 .
I [ | Ga"/Cs°onInP In ]
3 NP SR SRR TP S S R 10-8 [ TS R T R —
-16 14 12 -10 -08 -0.6 -04 -0.2 00 -2.0 -1.5 -1.0 -05 0.0
Work function shift (eV) Work function shift (eV)
104: o T ¥ T T L T L T " T E
- u © 3
|
10°F c
|
2
Q
>
-§ [
S 10°F L 3
< :
- 1 1 1 1 1 1 ]

Fig. 4. Useful yield variation with respect to the electron work function for Ga*/Cs° bombardment: (a) on Si, (b) on InP, and (c) on Al.

This behavior is plotted in Fig. 4 for the Si, InP and Al sam-
ples. The useful yield values have been taken from a previous
paper [27]. Here they have been represented as a function of
the variations of @ which have been obtained in this work.
For Si (Fig. 4a), the useful yield is smallest for the work
function value of the virgin sample and increases by almost
three orders of magnitude for decreasing values of @®. The
electron-tunneling model predicts an exponential increase of
the useful yield for a decreasing @, which cannot be observed
for Si. On Fig. 4b, the useful yields of In™ and P~ increase
exponentially for decreasing values of @. This behaviour cor-
responds to the electron-tunneling model for @ larger than
the electron affinity of In and P. However a saturation of the
useful yields, corresponding to the predictions of the electron-
tunneling model when @ becomes smaller than the electron
affinity, cannot be observed. Probably the @ decrease induced
by the deposition of Cs is not important enough. Nevertheless,
a sensitivity increase of three orders of magnitude is obtained.

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

3.3. Cs*/Cs° bombardment

The normalized energy distributions for Cs*/Cs® bombard-
menton Si, GaAs, InP, Al and Ni are shown in Fig. 5 (zoom on the
low-energy region of the spectra). Like for Ga*/Cs° bombard-
ment, they have been recorded for the characteristic parameter
T varied over a large range. Negative secondary ions giving rise
to the highest intensities have been chosen: for GaAs As™ ions
have been detected and for InP P~ ions have been selected.
At small energies (high negative sample potentials), secondary
ion intensities increase rapidly. A similar behaviour is found on
all samples. The slow decrease of the energy distributions at
higher energies is not shown because it is of no interest for the
evaluation of the electron work function evolutions. The same
method than for Ga*/Cs® bombardment has been used to extract
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Fig. 5. Normalized energy distributions for Cs*/Cs® bombardment with respect to the characteristic parameter 7 (a) on Si, (b) on GaAs, (c) on InP, (d) on Al, and

(e) on Ni.

these variations of the electron work function @ from the energy

distributions.

The variations of @ are shown in Fig. 6. At high values of
the characteristic parameter 7, @ is almost constant, while it

decreases rapidly at high Ccg (small values of 7). The maximum
decrease of @ depends on the sample, as observed for Ga*/Cs°
bombardment. This maximum decrease of @ is equal to —2.8 eV
for Si (Fig. 6a), while higher decreases are observed for GaAs



P. Philipp et al. / International Journal of Mass Spectrometry 264 (2007) 70-83 77

T T T T T T T T T T
T T T T T T T T (b)
ool @ - n i or L I
u ]
05 [ | i |
| | A+ ] .
I
u >
S 2 2t m J
L 45b i S
S 15 - 5 -
T [
20 i 3 i
n | |
I 1 1| |
25} 4 | -
' cs'/Cs°onSi | | -4 -I Cs’/ Cs® on GaAs |
Jc 0 J " S [ S I S— — | I IS U I T I T T T— E——|
0 10 20 30 40 0 20 40 60 80 100 120 140
T T
' y i ' ' ) ' ' ' ' T T T T T T T
(c)
0r E d
[ | " 0.0 - @ |
gunu u | m B
HE
4L N i -
05+ Wa -
2 o ru
> ?g 10} .
) e [ |
< 3 | m | < L
15} -
I |
4= i ' m ]
: cs'/csoninP | 20 H i
_5 1 L 1 L 1 " 1 1 1 L 1 " 1 1 1 n 1 1 1 " 1 I 1 L
0 50 100 150 200 250 0 5 10 15 20 25 30 35
T T
T T T T T
(e)
0.0 | ] 4
u [
u n
|
05 4
|
< | |
S o
g
| u
]
15+ ® 4
-
_20 1 n 1 " 1 i 1 L 1

10 15 20 25
T

o
[9)]

Fig. 6. Relative variations of electron work function @ with respect to the parameter 7 for Cs*/Cs° bombardment: (a) on Si, (b) on GaAs, (c) on InP, (d) on Al, and
(e) on Ni.



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

—— 1 0'(é)'|'|'|'|'|'|'|'|_
00R (a) cs'/Csconsi | Cs' / Cs® on GaAs ]
-0.5 ‘ E 1 4

L )}
10 W - ]
|
2 4
< L
st m 1 3
2 = [ | 1
e g
Q 20 ] — 3 -
|
[ u ]
25) u | n
i | 4l "
|
30} - u
- L )
35— 0 ;) A I I N T U S N N N
00 02 04 06 08 10 12 14 0.0 0.1 02 03 04 05 06 07 0.8 09 1.0
C, (atomic fraction) C,, (atomic fraction)
e T T T T T T T T T T T T
ok © . 1 C)
Cs"/Cs® on InP 00 Cs"/Cs°onAl |
A - 05 L -
i "anm
2+ . -1.0 | .
— < ]
3 2
S S
< 3 4 < ast [ | y
]
4 - u . 20 I
|
1 3 ]
_5 n 1 " 1 " 1 n 1 n 1 1 1 1 1 1 1 I _25 I 1 L 1 I 1 1 1 " 1 I 1 I 1 I 1
00 01 02 03 04 05 06 07 08 09 00 02 04 06 08 10 12 14 16
C,, (atomic fraction) C_, (atomic fraction)
T T T T T T T T T T T T T T T T
0.00 (e) E
Cs"/Cs°onNi |
-0.25 i
''m |
-0.50 |- e
I W ]
075 | J
< -1.00 - -
3 [ m ]
g 1251 E
-1.50 | i
175 ] -
b |
-2.00 |- o -
[ 1 1 1 1 1 1 1 1

00 02 04 06 08 10 12 14 16

C,, (atomic fraction)

Fig. 7. Variations of electron work function @ 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.



P. Philipp et al. / International Journal of Mass Spectrometry 264 (2007) 70-83 79

(A®=—4.7¢eV,Fig.6b)and InP (AP =—4.3 eV, Fig. 6¢). For Al
and Ni, maximum decreases of —1.9 and —2.4 eV are observed
(Fig. 6d and e).

Next, @ is plotted with respect to Ccs which has been sim-
ulated by the TRIDYN code in a previous paper [28] (Fig. 7).
Values of @ for Ccs equal to 0 have been obtained by extrapo-
lation from the small Cs surface concentrations [32,33,15,34].
As already mentioned, TRIDYN gave only approximate val-
ues of Ccg, which nevertheless allow to compare the variations
of @ as a function of Cc¢g to experimental results found in the
literature.

For Si (Fig. 7a), @ decreases constantly until reaching the
minimal value of —3.2eV at Ccs equal to 1.1. Afterwards it
increases slightly up to a decrease of —2.3 eV. This behaviour
of 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
values of T, which has already been discussed in a previous
paper [28].

As shown in Fig. 7b @ of the GaAs sample decreases
extremely rapidly down to a relative value of —3.3 eV. This steep
decrease has not been observed in literature for Cs adsorption
on semi-conductors [35,37,38], and GaAs in particular [13]. It
is probably due to uncertainties in Ccg obtained by simulations
using the TRIDYN code [28]. The small increase of @ at Ccg
higher than 0.9 is probably due to shifts in the CMS electron-
ics. For the InP sample, a similar behaviour than for the GaAs
sample has been found (Fig. 7c).

For Al (Fig. 7d), @ decreases constantly with increasing Ccg
without reaching a minimum. Apparently the Cs deposition does
not allow to reach the lowest @ that are possible on Al.

On the Ni sample (Fig. 7e), @ decreases rather steeply for
values of C¢g varying between 0 and 0.35. For higher Cs sur-
face concentrations, the @ decrease becomes more moderate and
reaches the minimal value of —1.9eV at Ccg equal to 1.35. A
small increase of @ for higher Ccs cannot be identified clearly.
This is expected for metals and for Ni in particular at high Ccg
[31].

Identically to Ga*™/Cs® bombardment, the useful yields of
secondary ions sputtered from the different samples are plotted
with respect to the electron work function in order to com-
pare the experimental results to the electron-tunneling model.
Details have been given in the previous paragraph. The results
for Cs*/Cs° bombardment are shown in Fig. 8.

As shown in Fig. 8a, this behaviour of Si~ corresponds to the
predictions of the electron-tunneling model for @ larger than
the electron affinity of the sputtered atom. A saturation of the
useful yields, indicating total ionization of the sputtered atoms
(when @ smaller than the electron affinity of the sputtered atom)
cannot be observed. The decrease of @ induced by the deposition
of Cs results in a useful yield increase of about two orders of
magnitude.

The useful yield variations of Ga~ and As™ are plotted in
Fig. 8b. No saturation of the useful yields can be observed.
This has been expected because As and Ga have lower electron
affinities than Si. A similar behaviour has been found for the
InP sample (Fig. 8c). Therefore the explanations for the GaAs
sample are also valid for this sample.

The Al sample (Fig. 8d) shows a similar behaviour than Si
however the useful yield gain induced by the decrease of @ is
limited to 1.5 orders of magnitude.

On the Ni sample (Fig. 8e), the Ni~ useful yield decreases
only moderately for the smallest values of @ (variations of @
ranging from —1.6 to —0.8eV). This decrease becomes only
exponential for variations of @ smaller than —0.8 eV. The sec-
ond part of the curve with the exponential variations of the useful
yield corresponds to the predictions of the electron-tunneling
model when @ is larger than the electron affinity of Ni, while
the almost constant useful yield values correspond to the predic-
tions when @ is smaller than the electron affinity. The smooth
crossover from one part of the model to the other is explained by
the influence of parameters other than @ and the electron affinity
[39,40].

4. Discussion

4.1. Comparison of ® variations for Ga*/Cs° and Cs*/Cs®
bombardment

The variation of the electron work function with respect to
the characteristic parameters T and T is similar for both types
of ion bombardments. A small decrease of @ is observed for
high values of t and T and gets more important towards smaller
values of T and 7 (and thus for higher Cs surface concentrations)
to present a steep decrease at highest Cs surface concentra-
tions. For Ga*/Cs® and Cs*/Cs® bombardment on the same
sample, different values for the maximum decrease of @ have
been obtained (Table 1). For a number of samples, these differ-
ences are important. This can be seen for example in the case
of InP (A®=—1.7eV for Ga*/Cs° bombardment compared to
AP =—43eV for Cst/Cs° bombardment). These fluctuations
are due to different maximum Cs surface concentrations. On the
one hand, Cc¢g rapidly increases for small values of 7 and T [27]
and a small fluctuation of C¢g can induce an important variation
of @ (Figs. 3 and 7). On the other hand, the experimental series
had to be realized in a short time period in order to avoid any
shifts in the electronics which could produce a shift on the mass
spectrometer voltages. This voltage shift would add to the work
function shift and falsify the experimental results. Especially for
the small values of t and T, the acquisition times could be too
short in order to guarantee the experiments to be realized beyond
the pre-equilibrium regime. In fact, for small values of T and 7,
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
GaAs - —4.1
InP —-1.7 —4.3
Al -2.8 —-1.9
Ni - —-1.7
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4.2. Comparison of @ variations with results from literature

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

Ga*/Cs°® and Cs*/Cs° bombardment, will be compared to each
other and to values found in literature. For most samples, no
significant differences between the Ga*/Cs® and the Cs*/Cs®
bombardment 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 —3.4to —3.6eV [36,40]
GaAs - —4.2 —2.6to —3.6eV [12,41]
InP —-1.7 —4.3 -
Al -2.9 —2.2 —2.4eV [11]
Ni - -1.9 —3.1eV [30]

respect to the Cs surface concentration. A fast decrease of @
at low Cc; is followed by minimal values of @ and for some
samples with a small increase of @ at the highest Ccs.

During our experiments, the most important decrease of @
on Si has been obtained for Cs*/Cs® bombardment (maximal
decrease of —3.2¢eV compared to —1.8eV for Ga*/Cs® bom-
bardment). The value of A® equal to —3.2eV is comparable
to the maximal values of A that have been obtained in litera-
ture (—3.2 to —3.6¢V, Table 2) [37,41]. So Ccs has almost been
optimized during our study in order to minimize @ and obtain
maximal Si~ useful yields.

For the GaAs sample, only the results from Cs*/Cs® bom-
bardment can be compared to the values from literature. The
maximal decrease of —4.2 eV obtained experimentally is below
the maximal values that have been found in literature and which
cover the range from —2.6eV (GaAs(001), [12]) to —3.6eV
(GaAs(110), [42]) (Table 2). Possibly, the difference is due
to target modification by ion bombardment with simultaneous
Cs® deposition and thereby induced roughness formation in the
irradiated area.

Experimentally, the @ decrease obtained on InP by Cs*/Cs°
bombardment (—4.3 eV) is significantly larger than the maximal
decrease obtained by Ga*/Cs® bombardment (—1.7 V). No val-
ues for a maximal decrease of @ have been found in the literature
so that the accuracy of the experimental values cannot be verified
(Table 2).

On the Al sample, the Ga*/Cs® bombardment produces a
decrease of @ down to a minimal value followed by a small
increase, while the Cs*/Cs® bombardment implies a constant
decrease of @ (Fig. 3c and 7d). Besides, the largest decrease of
@ has been obtained for Gat/Cs® bombardment (—2.9 eV com-
pared to —2.2eV for Cs*/Cs® bombardment). This is slightly
larger than the maximal decrease of —2.4eV which has been
found for Cs® deposition on Al(1 1 1) (Table 2) [11]. However,
the differences between experimental values obtained by ion
bombardment with simultaneous Cs® deposition and the value
from literature is rather small. The slightly higher @ decrease
obtained for Ga*/Cs® bombardment is probably due to the sur-
face roughness that has been induced by the Ga* bombardment
and which is significantly larger than the roughness obtained by
Cs* bombardment [27].

On the Ni sample, the decrease for the Cs*/Cs® bombard-
ment is limited to —1.9eV. The observed maximal decrease
is largely smaller than the value found in literature (—3.1eV)
[31] (Table 2). The difference between the value that has been
obtained experimentally and the value taken out of literature is
either due the polycrystalline Ni sample we used or to the too

low Cs surface concentration. In fact, the electron work function
depends on the crystalline orientation and on a polycrystalline
sample this orientation is averaged over several grains.

4.3. Useful yield variations as a function of ®

The useful yield variations with respect to the electron work
function have been plotted in Figs. 4 and 8. For Si, both bom-
bardment types produce different behaviours. For the Cs*/Cs®
bombardment, the Si~ useful yield decreases exponentially with
respect to the increasing electron work function which agrees
with the predictions of the electron-tunneling model, while the
decrease of the Si~ useful yield for Ga*/Cs° bombardment is not
linear on the semi-log scale. The useful yield of Si~decreases
steeply for the lowest values of @ and changes to almost constant
values at high values of @. Besides, for both types of primary
ions constant useful yield values indicating @ smaller than the
electron affinity cannot be seen. For both bombardments, the
decrease of @ induced by the deposition of Ccg is not important
enough. Nevertheless, as already discussed in a previous paper
[27], the ionization of sputtered Si must be total or at least almost
total, 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
yield for the Cs*/Cs® bombardment (linear decrease on semi-
log scale) and a steep decrease at low values of @ and almost
constant useful yields at high values of @ for the Ga*/Cs®° bom-
bardment. As Al and Si show a similar behaviour, an influence
of the primary ion type on the decrease of @ with respect to Ccs
cannot be excluded. They could derive from a different mixing
of the deposited Cs atoms with the atoms of the sample for both
types of primary ions.

In contrast to the results obtained for Si—and Al~ ions, no
significant differences have been observed on the InP sample for
both types of primary bombardment. As well for the Ga*/Cs°®
bombardment as for the Cs*/Cs° bombardment, the useful yields
of In™ and P~ decrease exponentially with increasing values of
@. Fluctuations on the curves are probably due to uncertainties in
the useful yield evaluation and the work function measurement.
So, besides the primary ion type, the sample composition has
probably also an influence on the variation of @ with respect to
Cs deposition.

For the Ni and GaAs samples, only results for the Cs*/Cs®
bombardment have been obtained. The useful yields of As™ and
Ga™ show a similar behaviour than the useful yields of P~ and
In™. The useful yield of Ni~ shows a distinct behaviour from
the other samples with almost constant useful yield values at low
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values of @ and an exponential decrease at higher values of @.
It matches the predictions of the electron-tunneling model.

Our results of the work function evaluation indicate that the
Cs*/Cs° bombardment produces exponential variations of the
useful yields for all elements. Only for Ni, the results agree with
the predictions of the electron-tunneling model (constant use-
ful yields at low work function values and exponential decrease
at higher values of @). For Al, the roughness formation at the
crater bottom influences results. The semi-conductor Si, with a
higher electron affinity and a lower electron work function than
Ni, shows no constant useful yield values at low values of @,
while smaller values of @ than for Ni have been reached. For
the Si and Al sample, the differences with the electron-tunneling
model are even larger for the Ga*/Cs® bombardment than for
the Cs*/Cs® bombardment. Almost no differences between both
ion bombardments can be seen for the InP sample. Besides the
primary ion type and the atomic mixing of Cs, the roughness
formation at the crater bottom for certain experimental condi-
tions, especially for polycrystalline samples, must be taken into
account.

5. Conclusion

For several samples, the energy distributions of secondary
ions have been recorded under Ga* bombardment with simul-
taneous Cs° deposition and under Cs* bombardment with
simultaneous Cs° deposition in order to calculate the decrease
of the electron work function induced by the deposition of Cs
and to quantify the influence of Cs deposition on the useful
yield increases. The electron work functions have been plotted
with respect to several parameters. In that way, they could be dis-
cussed with respect to the experimental conditions and compared
to work function variations taken from literature and which have
been obtained for Cs adsorption (without ion irradiation) on sev-
eral samples. A comparison with the electron-tunneling model
becomes possible after plotting the useful yields with respect to
the work function variations.

In that way, the increase of the useful yields, which have
already been observed for the deposition of Cs in a previous
paper, could be explained by the decrease of the electron work
function. It has been shown that the deposition of Cs induces a
decrease of the sample work function which then produces a gain
of the useful yield. In general, this behaviour can be predicted
by the electron-tunneling model and by the data available for
the adsorption of Cs on different samples. In contrast to the
experimental conditions of Cs adsorption, the Cs atoms were
partially introduced into the sample by atomic mixing under
Ga™ and Cs* bombardment in this work.

Similar behaviours between our experimental work function
variations and Cs adsorption curves taken from literature have
been found. However, minimal values of the work function as
well as the shape of the curves did not match for all samples
or bombardment conditions. Differences are partially due to
dissimilarities in atomic mixing and thereby induced rough-
ness formation on the crater bottom under ion irradiation and
to uncertainties in the evaluation of the Cs surface concentra-
tion or the characteristic parameters t and 7. The useful yield

variations with respect to the work function variations matched
also partially the predictions of the model, especially for Ni. For
other samples, only the exponential decrease of the useful yield
was observed. No constant useful yields for low values of the
work function have been observed, and for same samples the
decrease was not linear on a semi-log scale. These differences
are due to the factors mentioned above. The primary ion type
as well as the sample composition influence the atomic mixing
of Cs and influence probably the variation of the electron work
function. The evaluation of the experimental data is also com-
plicated by the formation of roughness formation on the crater
bottoms.

Nevertheless, ion bombardment with simultaneous Cs depo-
sition increases much the sensitivity of SIMS by several orders of
magnitude, which can be attributed to a work function decrease
induced by the deposition (and the incorporation into the sample)
of cesium. The behaviour at maximal Cs surface concentrations
and for different types of primary ions and sample compositions
has to be verified.
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