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Secondary ion mass spectrometry (SIMS) is an established technique for sensitive compositional analysis
of solids. To achieve high sensitivity in the so-called dynamic SIMS mode, notably in the analysis of
negative secondary ions, it is common practice to use Cs primary ions for sputter erosion as well as for
loading the sample with Cs. In qualitative terms, the negative-ion yield enhancement has been attributed
to alowering of the sample’s work function but, remarkably, the physical processes involved in producing
the favorable conditions have not been clarified in any detail before. This study provides evidence that
work function changes observed under Cs bombardment can be explained if the implanted ions are
transiently converted to adatoms. Previously disregarded properties of Cs atoms include the huge size, the
high mobility and bond formation with coverage dependent strength. It is shown that implanted Cs atoms
are rapidly relocated towards the receding surface, presumably in response to the stress generated by the
retained material. After passage through the solid-vacuum interface, Cs atoms loose their valance electron
and become bound to the surface via dipole interaction. This way they become adatoms. Stationary
conditions in terms of Cs surface coverage are established by the balance between adatom formation and
sputter ejection at energies exceeding the bond strength. Combining calculated sputter cross sections for
adatom removal with experimental data from various sources, the rates of Cs implantation and reemission
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are shown to be in balance with an uncertainty of only about + 20%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Deposition of alkali atoms on solid surfaces is known to cause
a significant or even large lowering of the work function [1]. In
secondary ion mass spectrometry (SIMS), reduced work functions
are commonly assumed to be responsible for the high yields of
negative ions [2] as well as for the reduced yields of positive
ions [3]. Such yield changes were observed when sub-monolayer
quantities of Li or Cs were deposited on samples subsequently
exposed to low-fluence ion bombardment, i.e., under conditions
causing minimum distortion of the adatom layer [2,3]. Routine
SIMS analysis, however, involves high-fluence sputter erosion of
the sample to depths up to the micrometer range, commonly
referred to as dynamic SIMS. High yields in dynamic SIMS may
be obtained by simultaneously exposing the sample to a jet of
Cs vapor and non-Cs energetic primary ions, e.g., Ga* [4,5]. Par-
ticularly high levels of sample loading with Cs are achieved by
simultaneous exposure to a Cs jet and Cs* ions [5]. A more com-
mon approach is sample bombardment with a stand-alone Cs*
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ion beam [6-9]. Early studies showed that secondary ion yields
of impurity or dopant elements depend strongly on the matrix
in which they are embedded [7]. This so-called matrix effect was
related to the speed of sample erosion by sputtering. The station-
ary volume concentration [Cs]y’ at depth z=0 from the receding
surface was assumed to scale with the sputtering yield Y as
[Cs]g® o 1/Y [7]. Such a relation had been predicted by a sim-
ple model of high-fluence retention [10], here referred to as the
‘sputter approximation’. The approach involved several restricting
assumptions. (i) After coming to rest, implanted atoms are immo-
bile, (ii) the sample has an unlimited capacity to retain implanted
atoms which (iii) do not cause a change in sample properties.
One of the many problems associated with the 1/Y concept is
the lack of a justification for the implicit idea that near-surface
Cs atoms retained in the sample can generate the work function
changes associated with the observed negative ion yield enhance-
ment.

To overcome the problems, it has been suggested that “nega-
tive ion yield enhancement under alkali ion bombardment requires
diffusion of implanted atoms to the surface where some pile-up
has to take place to produce the desired lowering of the work
function” [11]. Bulk diffusion of Cs was invoked in another reten-
tion study [12]. Recently published work, however, continued to
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interpret experimental data on the basis of the 1/Yapproach[13,14]
or a variant thereof, involving the idea that agreement with exper-
imental data can be achieved assuming the release of surplus Cs
by (thermal) desorption [15]. Other attempts to quantify [Cs]y
involved the use of X-ray photoelectron spectroscopy [15,16] or
Auger electron spectroscopy [17]. Such measurements are not spe-
cific to atoms residing on the surface because, at standard take-off
angles, the detected electrons may originate from depths up to
several nanometers.

In essence, the sputter approximation [10] fails to repro-
duce experimental findings in two ways, (i) samples are much
more rapidly saturated with implanted atoms than predicted and
(ii) the observed stationary concentrations are much lower than
1/Y (or lower than 1/(1+Y), if data are discussed in terms of
atomic fractions). A recent study [18] has shown a very simple
way out of this dilemma. The suggested ‘rapid relocation model’
of high-fluence retention is rather attractive in that it involves
merely a simple reinterpretation of the parameter Y in the sput-
ter approximation. The idea behind this approach is that in course
of implantation and sputtering there is not only an apparent
(passive) transport of implanted atoms to the instantaneous sur-
face, the natural consequence of sample erosion by sputtering;
there must also be processes in action that cause real transport
of implanted atoms in the direction of the surface. The forces
driving the transport are currently not known in any detail. One
conceivable source of unidirectional motion could the pressure
established by implanted insoluble atoms [19] or aggregates (clus-
ters). Exciting aspects of the relocation model include (i) the
finding that the active transport can be described by a single
parameter, the relocation efficiency ¥, and (ii) the ability to
combine passive and active transport in a single new parameter,
the sum Y=Y+ W, which replaces Y in the sputter approxima-
tion.

The purpose of this study was twofold. The first aim was to pro-
vide evidence that implanted Cs atoms are in fact actively relocated
towards the receding surface. The second, even more important
aim was to show that, temporarily, they become adatoms, thus
being able to act in terms of lowering the work function of the
sample. However, one has to consider the fact that there is a com-
petition between Cs transport to and removal from the surface.
This implies the need to verify that the balance between implanta-
tion and removal of Cs atoms is in fact established under stationary
bombardment conditions.

2. Experiment

A home-made quadrupole based ion microprobe [20] served for
SIMS depth profiling. A ca. 1 cm x 1 cm piece of n-type Si(111) was
cut from a polished wafer, cleaned with methanol and rinsed with
high purity water; the native oxide was not removed. The sam-
ple was bombarded with raster scanned beams of 4 and 12 keV
Cs* primary ions at 2° off normal. The yields of negative and pos-
itive secondary ions were measured in separate runs, the energy
analyzer being set for transmission of ions around the peak of
the energy distributions. The extraction field strength amounted
to only a few V/cm. This has the advantage that Cs build-up
should be distorted very little, if any, in both the positive and
the negative SIMS mode (by contrast, in magnetic sector field
instruments like the Cameca IMS nf series, a change in polar-
ity at an electric field strength of 10kV/cm must be expected
to cause pronounced differences in Cs adatom growth). The ero-
sion rate, assumed to remain constant during Cs implantation,
was calculated from the beam current (1 nA), the bombarded area
(270 pm x 270 wm), and the known sputtering yields (1.6 and 2.4,
respectively [21]).
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Fig. 1. Evolution of Si- and Cs* secondary ion yields due to Cs implantation in Si at
two different energies; left-hand scale. The dash-dotted and solid lines are fit func-
tions for the pre-maximum Cs buildup, derived on the basis of the rapid relocation
model; right-hand scale (see text). The calculated curves can serve to show that
the fluence dependent build-up of the Cs* signals below the respective maxima is
consistent with the final stages in the evolution of the Si~ signals.

3. Sputter yield calculations

Using the computer simulation program SRIM2006
(http://www.srim.org/) sputtering yields of Cs and Si, Y¢s and
Ysi, respectively, were calculated for Cs impact on Si covered with
Cs. The Cs coverage N¢s was varied by selecting the corresponding
mean thickness wcs. For the purpose in question here, sputter
cross sections ocs [22] were derived as o¢s = Ycs/Ncs = Yes/Wesnics
(the number density of pure Cs, ngs, is 0.874 x 1022 cm~3). The
cross sections were found to be constant, i.e., independent of the
Cs coverage, but only up to a thickness corresponding to about
half a complete monolayer of Cs [23,24]. With a further increase
in coverage, o¢s started to decrease, slightly first and then more
rapidly. These changes are presumably a consequence of the large
size of Cs atoms. The data discussed below fall into the region of
constant (or almost constant) sputter cross section.

4. Results and discussion

Fig. 1 shows the build-up of Cs* and Si~ secondary ion yields. For
ease of discussion the data are plotted as a function of the sputtered
depth. The results reflect the well-known fact that the Si~ yield
is strongly enhanced once the sample becomes sufficiently loaded
with Cs. Concurrently, the Cs* yield first increases monotonically up
to a maximum, then decreases significantly, to finally arrive at a sta-
tionary level. At the beginning of bombardment the Cs* profiles are
distorted by some contamination which is attributed to cross con-
tamination [25] generated during prior Cs bombardment of other
areas on the analyzed sample. This contamination was removed
after sputtering to a depth of 0.5 nm. The Si~ profiles are initially
distorted by the presence of the native oxide. This aspect, however,
is not relevant for the issue under study here.

According to low-fluence SIMS [3], the ionization probability
of Cs* is constant at coverages below the yield maximum. As to
dynamic SIMS, a very recent study [26] has shown that the con-
stant (maximum) ionization probability in Cs* emission is observed
only up to a Cs coverage of about 2 x 1013 cm~2. In this region,
the rapid relocation model was used to reproduce the observed
build-up of the Cs* signals. In the Gaussian approximation [10], the
fluence (¢) dependence of [Cs]p =ngcs, the predicted Cs number
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density (concentration) at the receding surface (z=0), relative to
the Si concentration ng;, reads

no,cs(9) 1 ( Zp ) Yert$2si¢ — 2p
—_ = erf( — ) +erf | ———— 1
Ns; 2Yefr { V20 V20 1

£ =ns~! denotes the atomic volume of Si atoms. The most prob-
able ranges zp, set equal to mean projected range (z), and the range
straggling o were calculated with SRIM (for4 and 12 keV Cs: (z) =8.3
and 14.2 nm, o =1.9 and 3.7 nm, respectively).

For each of the two energies, two examples of calculated Cs
build-up curves ngcs/ng; are shown in Fig. 1, with Y differ-
ing by 10% (4keV: 11.5 and 12.6; 12keV: 7.9 and 8.6, solid and
dash-dotted lines, respectively). Finding the optimum (narrow)
range of possible values for Y, was easy for the 12keV data
(optimum o=4.3nm), but even for 4keV the uncertainty does
not exceed+ 15%. Note that Y.;=12 for 4keV means that the
implanted Cs atoms were a factor of Y.g/Y=12/1.6=7.5 more
rapidly relocated to the receding surface than by pure sputter ero-
sion. This result implies that a rather strong driving force existed
that caused very efficient Cs transport.

The derived values of ngcs however, should be considered
merely the source of active Cs atoms. In order to be effective for
the purpose of interest, they must be converted to adatoms. The
good fit of ng csto the (pre-maximum) Cs* yields in Fig. 1 may be
interpreted as saying that conversion of near-surface bulk Cs atoms
to adatoms is fast, occurring ‘immediately’ on the time scale of the
experiment, i.e., from one scan to the next. A simple estimate shows
that the arrival rate of Cs atoms at the surface, represented by ng cs,
suffices to generate the Cs coverage required for strongly reduc-
ing the work function. Assume that the source of adatoms has a
thickness corresponding to two layers of Si, equivalent to 2.7 x 101>
Si atoms/cm?. With ngcs/ns;=0.1, the source of Cs adatoms thus
contains 2.7 x 1014 Cs atoms/cm?, sufficient to change the work
function by more than —3 eV (see below).

First evidence for the formation of Cs adatom layers was derived
from a comparison of stationary implantation profiles of Xe and
Cs, measured by Rutherford backscattering spectrometry, RBS [27].
However, the energy resolution was too poor to identify finer
details of the Cs profile. Much improved depth resolution was
achieved by medium energy ion scattering, MEIS [28,29], to the
end that the measured spectra revealed a Cs adatom peak quite well
separated from the distribution of Cs retained in the Si substrate. Of
particular importance are the results reported for in situ MEIS anal-
ysis [28] of a sample saturated with Cs by bombardment with 5 keV
Cs at 45°. The measured spectrum is reproduced schematically in
Fig. 2(a), for clarity with more ideal separation than in the original
experiment. The MEIS spectrum of a sample produced under very
similar conditions (5.5 keV @ 42°), but analyzed only after interme-
diate sample storage in air [29], showed an adatom layer with an
areal density higher by a factor 3.7 0.5 than the sample analyzed
in vacuum [28] (ca. 3.3 vs 0.9 x 10'* cm~2 by data reanalysis). This
implies significant transport of Cs to the surface after completion of
the implantation process, an aspect that deserves further studies.

A schematic drawing of the anticipated distribution of Cs atoms
in Si is presented in Fig. 2(b), which is also meant to illustrate the
very large difference in size between projectile and target atoms.
The number of Cs atoms was chosen to comply with the profile
of Fig. 2(a). Owing to the high Cs concentrations, here about 4 at%
(i.e., much beyond the limit of solid solubility), it must be expected
that the implanted atoms form aggregates or clusters, in analogy to
bubbles produced by rare gas implantation [30]. Cluster integrity
requires that (most of) the atoms in the Cs aggregates are neutral.
The accumulation of the huge Cs atoms can be expected to exert
tremendous stress that calls for relief. The most natural response
of the target will be trying to get rid of the implanted atoms, as
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Fig. 2. (a) Stationary near-surface distribution of Cs in and on Si, generated by fully
loading the sample with 5keV Cs at 45°. Idealized profile based on data obtained
by in situ MEIS analysis [28]. (b) Schematic illustration of the distribution of Cs
atoms and clusters in Si (large open circles) and of Cs transferred to the surface
(gray circles).

efficiently as possible. Vacancies generated by ion bombardment
are likely to assist transport to the surface. Intuitively one would
expect relief of stress to be easier the closer the implanted atoms
have already come to the surface, in accordance with the results of
Fig. 1.

To proceed, we need reliable data for the stationary areal density
of Cs adatoms. Using MEIS, this may be accomplished in dedicated
future studies. At this point, the favored data must be derived along
a more complex route. Following Yu [2,3], several groups have
reported secondary ion yields as a function of the work function
change A ® generated by sample loading with Cs. The vacuum level
of the sample, measured with respect to the mass spectrometer,
also changes by A®. This gives rise to a commensurate shift of the
energy (spectra) of secondary ions which can be measured quite
accurately in certain types of SIMS instruments [9,14].

Now the important but very reasonable idea is introduced that
A® should be independent of the method by which the Cs cover-
age is produced, whether by vapor deposition or by conversion of
implanted atoms to the adatoms. Hence we can use available data
for A®(Ncs) to determine Ncs( A@). Five sets of Cs induced work
function changes for Si(11 1) and Si(100) [31-33] are compiled in
the main body of Fig. 3, deliberately presented in inverted form to
generate the fit function Ncs( A @) used for the conversion of A® to
Ncs, as described below. The data were obtained by Cs vapor depo-
sition [32,33] or by exposure of the sample to a beam of Cs* ions of
very low energy (<8 eV), producing no implantation [31]. The good
agreement between the data from different sources is partly due to
the fact that the Cs coverage quoted in the original publications was
rescaled by constant factors to the end that the maximum achiev-
able coverage agreed with the number determined quantitatively
by RBS [23,24]. The solid lines in Fig. 3 represent third-order poly-
nomial fit functions to the experimental data up to the observed
maximum lowering of the work function.

According to results derived by thermal desorption spectrome-
try [32], the desorption energy E4 for Cs on Si depends strongly on
coverage, see inset of Fig. 3. This behavior is due to the fact that the
character of Cs-Si binding changes smoothly from purely ionic at
the lowest coverage to Cs-like metallic near full monolayer cover-
age. In sputtering yield calculations the surface binding energy Es is
commonly set equal to the sublimation energy of the bulk material.
Hence there is good reason to set Es = E4 for sputtering of adsorbed
Cs.

Sputter cross sections were calculated with SRIM-2006, with
Escs as a variable. As an example, Fig. 4(a) depicts results for
Si covered with 0.1 nm of Cs (N¢s=0.87 x 1014 cm~2), bombarded
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Fig. 3. Compilation of work function changes due to the deposition of Cson Si(111)
and Si(100) [31-33]. Compared to standard ways of data presentation, the x- and
y-scales are exchanged, for reasons explained in the text. Inset: desorption energy
vs Cs coverage [32].

with 750eV Cs at 45° (solid line: second-order polynomial fit). For
Escs>1.5eV,o¢s varies as 1/E; ¢s. Additional simulations performed
atimpact energies between 0.25 and 12 keV and at impact angles of
0°, 42° and 45° revealed the systematic picture shown in Fig. 4(b).
It turned out that the reduced sputter cross section, ocsEs cs/Ys;, is
largely independent of the bombardment parameters. The result is
reasonable because the collision cascades initiated by ion impact
serve to eject both the Si substrate atoms and the Cs adatoms. In
quantitative terms, the simple picture needs to be refined whenever
the energy distribution of sputtered atoms is increasingly truncated
on its high-energy side. Ongoing studies (TRIM simulations; col-
laboration with A. Mutzke, to be published) have shown that this
happens primarily for the following bombardment conditions: (i)
large projectile-to-target mass ratio (as in the case of Cs on Si), (ii)
low impact energy and (iii) more so the smaller the impact angle,
i.e., the effect is most pronounced at normal incidence. Hence, the
observation, in Fig. 4(b), that the scaled cross section for 750 eV
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Fig. 4. (a) Sputter cross section and (b) reduced sputter cross section for removal of
Cs adatoms from Si vs the Cs surface binding energy.
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bols: reference Si(1 0 0), open triangles: Si(1 1 1). The asterisks denote the sensitivity
of the evaluation to a 0.1-eV difference in work function change compared to the
data represented by open triangles. The 1:1 correspondence is represented by the
dash-dotted line.

@=0° increases with decreasing surface binding energy, should
be attributed to an unusually low sputtering yield Y;, the reason
being that the collision cascades arriving at the surface contain an
unusually small fraction of atoms that are capable to overcome the
comparatively high binding energy of target atoms (4.7 eV). By con-
trast, the available energy suffices to eject Cs adatoms bound with
energies <2 eV at fairly ‘normal’ rate. More details will be discussed
elsewhere. Here it suffices to note that in cases where the abso-
lute value of sputtering yields derived by SRIM may be considered
debatable [34], the scaling behavior documented in Fig. 4(b) offers
the possibility to replace calculated Ysi-values by measured data.

With all required information at hand, we are now in the posi-
tion to examine the balance between Cs adatom production and
subsequent sputter removal. Use is made of A@®-data reported by
Brison et al. [14] for Si bombarded alternately with Cs* and Xe*
ions, both incident at 45°. To vary the stationary sample loading
with Cs, the ratio of the Cs* current to the sum of the two currents
was varied between 0 and 1. This ratio defines the Cs fractions, fcs,
in the mixed Cs/Xe beam. Note that Cs and Xe atoms have almost
the same mass and, hence, produce essentially the same sputtering
yield (of the same Cs loaded target). Depending on fcs and the beam
energy, varied between 250 eV and 2 keV, the measured A @-values
ranged between 0 and about —3.4eV [14].

The A®-data of Ref. [14] were first converted to N¢s using the
fit functions according to Fig. 3. Knowing Ncs, the surface binding
energy E ¢; could be determined from the data in the inset of Fig. 3.
On this basis, ocs was calculated. The sputtering yield of Cs adatoms
was then determined as N¢so¢s. The results are compiled in Fig. 5
as a function of fc. If Cs surface atoms were removed at the same
rate as Cs ions were implanted, the data should fall on a straight
line with unit slope. In fact, the solid symbols scatter around the
dash-dotted line representing a 1:1 correspondence. It is important
to note that the rapid decrease of Eq with increasing coverage (see
inset of Fig. 3) provides a ‘self-limitation’ that prevents Cs overload:
the higher the coverage, the larger the sputter cross section and the
Cs removal rate.

There is some uncertainty as to the choice of the appropriate set
of A®-data in Fig. 3, those for Si(111) or for Si(100). The latter
case was given preference because the maximum A @-changes for
Si(111) amount to only about —3.2 eV, less than the maximum of
about —3.4 eV reported by Brison et al. [ 14]. However, for the sake of
completeness, one example is included showing results on the basis
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of A® for Si(11 1), open triangles. The same data serve to illustrate
the sensitivity of the evaluation to an absolute uncertainty of A@
by 0.1eV.

The 1:1 correspondence documented in Fig. 5 has the important
consequence that most, if not all implanted Cs ions are transiently
converted to adatoms before they are finally removed by the action
of the incident beam. Otherwise the calculated sputtering yield of
Cs adatoms would be smaller than the Cs fraction in the mixed
beam. Only when residing on the sample surface for a certain period
of time, Cs atoms can produce a lowering of the work function. This
constitutes a very efficient use ofimplanted Cs atoms for the desired
purpose. Owing to the combination of two features, sputter ejection
of Cs atoms buried in the sample contributes little to the balance
between implantation and removal, (i) the mean depth-of-origin
of sputtered atoms is only on the order of one or two monolayers
of Si [35] and (ii) the Cs concentration in this near-surface region
(inside the sample) is very low, as sketched in Fig. 2(a).

5. Conclusion

This study has shown that one can bridge the long lasting gap
between secondary ion yield measurements at low fluence on sam-
ples with sub-monolayer quantities of deposited alkali atoms and
dynamic (high fluence) studies involving sample bombardment
with Cs primary ions. The resulting picture is simple and internally
consistent: Cs induced secondary ion yield changes are generally
produced by Cs atoms residing on the sample surface. In dynamic
SIMS the residence time of adatoms may be short, depending on
the bombardment parameters (primary ion energy, impact angle
and mean current density). The finer details of Cs atom transport
to the surface still need to be explored, including the time scale of
the process.
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