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Abstract— Experimental data for the variation of the work function on the Si and GaAs semiconductor sur-
faces irradiated by cesium ions are presented. The formation mechanism of CsM™ cluster ions (M is the ana-
lyte) is considered. Ionization potentials for some CsM molecules are calculated, and a simple experimental
technique to determine the concentration of cesium penetrating into the subsurface region of various mate-
rials during cesium ion sputtering is suggested. This technique uses a preimplanted potassium as an “internal

standard.”
DOI: 10.1134/S1063784213050125

INTRODUCTION

Ion sputtering of the target surface is widely used
for layer-by-layer analysis in fabrication of semicon-
ductor devices and provides a basis for secondary ion
mass spectrometry (SIMS). Physically, ion irradiation
of materials is a complex process that, among other
things, modifies the irradiated surface composition:
after irradiation, a thin surface layer of the target rep-
resents a mixture of target atoms and implanted pri-
mary ions [1]. This circumstance is exploited in
advanced SIMS: analytes are irradiated by electrically
active cesium and oxygen ions. In the former case, ion
implantation results in the formation of a thin oxide
layer on the surface [2, 3], and its work function rises.
As a consequence, the secondary emission of positive
ions grows by two to three orders of magnitude. In the
latter case, implanted cesium atoms generate surface
electrical dipoles the field of which considerably low-
ers the work function of the surface. Under these con-
ditions, the secondary emission of negative ions
increases by two to three orders of magnitude [4, 5]. The
above effects stem from the exponential dependence of
the secondary emission of positive and negative ions on
the work function of the emitting surface [3],

P o exp[—(1,- D*)/g,], (1a)

P o exp[~(@F - A,)/e,]. (1b)
Here, ®* is the work function of the target being irra-
diated by ions; /, and A, are, respectively, the ioniza-

tion potential and electron affinity of an emitted ion;
and g, is a factor characterizing ion sputtering condi-

tions (in some models of ion generation, this factor is
assumed as the instantaneous temperature in a colli-
sion cascade [6]).

Although the described effects are of practical
importance, the exact concentration of ions
implanted into the subsurface layer of the target during
ion etching remains unknown. Experimental data for
the irradiated surface composition obtained by differ-
ent authors using Auger electron spectroscopy, X-ray
photoelectron spectroscopy, Rutherford backscatter-
ing, etc., are contradictory. For example, when silicon
is sputtered by cesium ions (the problem that is the
best studied today in this area), published data on the
surface concentration of cesium vary from 3.4 to
80.0 at % for a cesium ion beam energy from 1 to
10 keV and an angle of incidence of primary ions from
20° to 60° relative to the normal [7—17]. The genera-
tion of secondary ions during sputtering is determined
by the target’s surface composition, and it is therefore
clear that such a spread in experimental data does not
allow researchers to study the process of secondary ion
emission (SIE) and apply the available models of SIE
in quantitative SIMS-based analysis.

In this work, the authors make a critical review of
the available experimental data on the composition
and work function of the ion irradiated surface, sug-
gest a new model of CsM™ cluster formation during
target sputtering, and describe a simple experimental
technique for in situ measuring of the cesium concen-
tration on the irradiated surface during ion sputtering
of the target.
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EXPERIMENTAL

Experiments were conducted with a CAMECA
ims-6f (France) mass spectrometer. Sputtering was
accomplished by cesium ions with an energy of 5 keV
making an angle of 45° with the normal to the surface.
A sharply focused ion beam was swept into a 250 x
250-pum raster pattern. Secondary ions emitted from
the central area of the raster about 60 pm in diameter
were focused by a set of electrostatic lenses on the
entrance to the double-focusing mass analyzer in
which their energies and masses were analyzed by a
spherical 90° energy analyzer and 90° magnetic sec-
tor-field analyzer, respectively. The secondary ion cur-
rent was detected, according to its value, either with a
photoelectric multiplier operating in the pulse count
mode or with a Faraday cup.

The variation of the work function of the cesium-
ion-irradiated target was studied by the method sug-
gested in [18, 19]. The shift of the energy spectrum of
emitted cesium ions was measured as a function of the
cesium ion irradiation dose. The energy of secondary
ions recorded by the mass spectrometer is their intrin-
sic emission energy plus an energy due to an accelerat-
ing potential applied to the target (+5 kV in our case).
The intrinsic energy of the ions is reckoned from the
Fermi level of the emitting surface; therefore, a
decrease or increase in the work function of the target
shifts the energy spectrum, which is recorded relative
to the work function of the grounded metallic slit of
the energy analyzer. The energy spectra of secondary
ions are taken by adding a bias potential (=30 V) to the
accelerating voltage with the slit of the energy analyzer
closed almost completely. In our experiments, the
transmission band of the energy analyzer was esti-
mated at a level of 2 eV and the bias potential scan step
was 0.5 eV. In essence, the scan step specified the res-
olution of experimental energy spectra. To limit the
secondary ion angular distribution by ions emitted
near the normal to the surface, we used a contrast
aperture 40 pm in diameter. The zero energy in the
secondary ion energy distribution was determined by
linearly extrapolating the low-energy part of the
energy spectrum to the x axis [18, 19].

Si and GaAs test samples were cut from standard
polished wafers. Implantation of Na and K alkali ions
was carried out on an implanter installed in the
Research Institute of Physics (Southern Federal Uni-
versity, Rostov-on-Don). The ion energy was varied
from 45 to 70 keV; the implantation dose, in the range
(1-3) x 10" ions/cm?.

RESULTS AND DISCUSSION
Our technique for measuring the implanted cesium

. . . . +
concentration is based on comparative analysis of Cs,

and CsAlk* ion emissions (Alk* stands for an alkali
metal, K or Na, preimplanted into the target). There-
fore, it is necessary to consider in detail the mecha-
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nism of CsM™ cluster ion formation during target
sputtering by cesium ions before discussion of experi-
mental data.

MODEL OF CSM* CLUSTER ION FORMATION

In relevant publications, a statistical model of
CsMT cluster ion formation is being widely discussed.
In this model, these ions result from recombination of
independently sputtered M atoms and Cs ions over the
emitting surface [20, 21],

Cs"+ M’ —CsM™. )

The authors of [20, 21] guess that this model explains
the almost complete absence of the matrix effect (i.e.,
the strong dependence of the SIE on the chemical
composition of the surface) when 11—V semiconduc-
tors are analyzed by means of SIMS [22]. We, however,
think that the model is contradictory and fails in
explaining a large body of experimental data. Specifi-
cally, it cannot explain how two sputtered positive

. . . . + . .
cesium ions may combine into Cs, clusters (in this

model, the SIE coefficient for cesium is taken to be
equal to unity). Moreover, many recent experiments
with, for example, Si, SiGe, SiC, and SiO targets
[23—26] have revealed a tangible matrix effect, while
model (2) gives no explanation to the fact that the
matrix effect is monitored for one target, but is
neglected for others. Regarding the recombination of
independently sputtered atoms, it is very difficult to
explain the experimental fact that the yield of Cs,F*
triatomic clusters is three orders of magnitude higher
than that of CsF* diatomic clusters [27]. Indeed,
according to Gerhard [28], the yield of dimers is
expected to be one and a half to two orders of magni-
tude higher than that of trimers. All this gives grounds
for putting forward an alternative model of CsM™ clus-
ter formation during surface sputtering by cesium ions.

The model suggested in [29] is based on the results
of computer simulation by the Monte Carlo method
and the method of molecular dynamics [30], which
are today the most popular. Both predict that most
sputtered atoms combine into diatomic clusters at a
distance shorter than 6 A from the surface. Remark-
ably, in accordance with the method of molecular
dynamics, dimers form primarily from independently
sputtered atoms, while the Monte Carlo method does
not distinguish between direct emission and recombi-
nation: both mechanisms give equal contributions.
This means that only those atoms may recombine that
are the nearest neighbors on the emitting surface. That
is, only strongly interacting atoms recombine. Since
sputtered particles ionize at a distance shorter than
6 A, the ionization of departing “pairs” of atoms can
be considered as the ionization of a quasi-molecule.
The ionization mechanism of resulting dimers will be
the same as for sputtered atoms (see Eq. (1)). This
brings up the reasonable question: why is the matrix
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effect absent when some materials are analyzed using
CsM cluster ions? In our earlier work [29], it was erro-
neously assumed that the ionization probability of all
CsM clusters is close to unity. It was demonstrated in
[31] with CsAg™ that actually the ionization probabil-
ity of CsM clusters is less than unity as a rule. There-
fore, another explanation of the experimental data
should be given.

To this end, we developed one more model of clus-
tering during ion sputtering of the material. It was
assumed that the overwhelming majority of CsM clus-
ters result from direct emission [32]—emission of
diatomic clusters as a whole. A minor amount of clus-
ters that are produced by recombination of two inde-
pendently sputtered particles can be considered as a
partial case of direct emission. We may think so,
because, as was mentioned above, this recombination
takes place in the immediate vicinity of the surface, in
which case the charge state of forming clusters and the
independency of atom sputtering are out of the ques-
tion. In other words, the recombination of some atoms
is replaced by the emission of quasi-molecules, which
appear on the surface in collision cascades initiated by
a primary ion.

Mathematically, the emission of CsM* charged
clusters is described by the relationship

Ist = IOYCsMﬁEsMTrCsM’ (3)
where Y, is the probability of simultaneous emission
of two atoms sputtered in the form of a molecule and
Bcou is the ionization probability of CsM clusters,
which is given by a relationship similar to relationship
(1) for the sputtered atom ionization,

1,(CsM) — (D*J
€

B exp) - )
P
Here, [,(CsM) is the ionization potential of a CsM
cluster and @* is the work function of the target’s sur-
face exposed to cesium ions. Unfortunately, we could
find only five cesium-containing dimers for which the
ionization potential is known (Table 1). The lack of
data for the ionization potentials of cesium-contain-
ing dimers seems to be the main reason why the direct
emission model is disregarded by other researchers.
The work function of the ion-irradiated target also
remains uncertain. It depends on a variety of factors,
and the specifics of the respective dependences are
under discussion. The experimental and theoretical
values of the work function reported in the literature
[5,13, 15, 18, 19] are contradictory. With the aforesaid
in mind, we began with gaining a deeper insight into
the work function of a surface exposed to cesium ions.

WORK FUNCTION
OF AN ION-IRRADIATED TARGET

Under experimental conditions similar to those
used in this work, namely, target sputtering by 5.5-keV
cesium ions incident at an angle of 42° to the surface
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Table 1
Ionization potential lonization potential
CsM, eV CsM, eV
M M
calcula- experi- calcula- experi-
tion ment [42] tion ment [42]
Li 3.70 — 0] 7.28 —
Na 3.68 4.05 Mg 3.84 —
K 3.46 — Al 4.28 —
Cs 3.30 3.2 Si 5.24 —
F 8.4 8.8 Zn 3.86 —
Cl 7.76 7.84 Ga 4.07 —
| 6.72 7.9 As 5.61 —
C 5.93 — Cd 3.82 —
N 6.26 — — — —

normal, the work function decreases by 1.3 eV relative
to the initial value [18]. Since the cesium ion beam
energy in this work was 0.5 keV lower and the angle of
incidence was 45°, we measured the work function of
silicon and gallium arsenide targets, using the same
technique as in [18], which consists in measuring a
shift in the secondary ion energy distribution [18, 19]
(see the previous section). We studied a shift in the
energy distribution of secondary cesium ions as a
function of the cesium ion irradiation dose up to the
dose at which the shift of the energy spectra along the
energy scale was no longer observed. Each measure-
ment took about 25 s, and a total of 30 energy spectra
were measured.

The work function of the silicon and gallium ars-
enide surfaces versus the cesium ion irradiation dose
(cesium ion fluence) is shown in Figs. la and 1b,
respectively. Insets to both panels show the initial
energy spectra. The zero shift of the work function was
determined from its maximal value on the energy
scale. It is seen that the maximal shift of the work func-
tion is A® = 1.51 and 0.58 eV for silicon and gallium
arsenide, respectively. These values far exceed those
obtained by Gnaser [18] presumably because of
slightly differing sputtering conditions. Comparison
between experimentally found shifts of the work func-
tion and those predicted by available models goes
beyond this investigation.

Then, the experimental data were used to describe
the sputtering of CsM™ cluster ions. To this end, the
work functions of the semiconductor targets exposed
to cesium ions were estimated as the ionization poten-
tials of these semiconductors with allowance for the
band shift due to cesium ion implantation,

D*(Si) = 4.05(4g) + L.1(E,) - 1.51(AD) = 3.64 eV

for the silicon surface and
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Fig. 1. Shift in the work function of the (a) Siand (b) GaAs
surface vs. the cesium ion irradiation dose. The insets show
the initial energy spectra.

O*(GaAs)
= 4.07(Agans) + 1.42(E,) — 0.53(Ad) = 4.96 eV

for the gallium arsenide surface. Here, A4, is the elec-
tron affinity and E, is the energy gap of the semicon-
ductors [33] (see also Fig. 4). These values of the work
function were used in formula (4) and compared with
the ionization potentials of sputtered particles to esti-
mate the secondary particle ionization probability.

However, prior to estimation of the CsM cluster
ionization probability from formula (4), one should
find the ionization potentials for CsM molecules.

IONIZATION POTENTIALS
FOR CsM DIMERS

At the next stage of investigation, we calculated the
ionization potentials of some CsM molecules that are
of interest in relation to the problems being solved in
this work. Calculations were carried out in terms of the
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Fig. 2. Calculated ionization potentials for a number of
CsM clusters vs. available experimental data. The ioniza-
tion potentials are plotted against the ionization potentials
of elements M.

density functional theory using the SIESTA computer
program [34]. The most stable configuration of CsM
molecules was determined by applying the conjugate
gradient procedure with interaction forces, calculated
in terms of the density functional theory in the gener-
alized gradient approximation to the exchange corre-
lation functional [35], and standard normally conver-
gent relativistic potentials [36] in fully nonlocal form.
These pseudopotentials were generated from the
respective electron configuration (of valence elec-
trons) in elements under consideration. We also con-
sidered a double-exponential polarized basis set with a
threshold energy of 300 Ry to determine a spatial grid
for numerical integration [37]. In simulation, free
dimers relaxed until Hellmann—Feynman forces
became lower than 1 meV/A. In the adiabatic approx-
imation, the theoretical ionization energy was found
as the difference between the total energy of a neutral
CsM molecule in the ground state and the energy of
this molecule in the charged state (CsM™), the latter
being calculated for the same interatomic distances as
in the neutral unexcited molecule.

Eventually, the theoretical ionization energy was
calculated for alkali metals (Li, Na, K, Cs), halogens
(E, Cl, I), and some other elements (C, N, O, Mg, Al,
Si, Zn, Ga, As, Cd). The energy values are listed in
Table 1, which also contains experimental data for the
ionization potentials of some cesium-containing mol-
ecules.

These results allow us to draw some noteworthy
conclusions and make a number of assumptions. First,
the calculations are in good agreement with the exper-
imental data, as follows from Fig. 2, which means that
the calculations are correct. Then, it should be noted

TECHNICAL PHYSICS VWl. 58 No.5 2013
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that the ionization potentials of the cesium-contain-
ing dimers are considerably lower than those of their
constituent atoms. Of special importance (in view of
forthcoming considerations) is that the calculated ion-
ization potentials of Cs, and CsK clusters are lower
than the ionization potential of a Cs atom! This fact
has interesting indirect support, and we will expand
upon the point. A number of authors reported an
inverse correlation between the ionization potential
and polarizability of elements: namely, more readily
polarizable elements have a lower ionization potential
[38, 39]. Remarkably, such a correlation is observed
not only for atoms but also for molecules [40, 41]. It is
reasonable to suppose, in our opinion, that this corre-
lation can also be expected for cesium-containing
clusters. The polarizability of CsK and Cs, molecules
equals 89 and 104 A3, respectively [42]. These values
are much larger than the polarizability of a cesium
atom (59.6 A%). Then, the ionization potentials calcu-
lated for Cs, and CsK appear quite acceptable.

According to Eqgs. (la) and (4), the ionization
probability of a secondary particle exponentially
depends on its ionization potential. We checked this
dependence using earlier experimental data [29]. Fig-
ure 3 plots the relative sensitivity factor (RSF) against
the calculated ionization potential of CsM™ clusters,
where M = C, O, N, Mg, Al, Ga, As, and Cd are ele-
ments implanted into GaN. Since the RSF of an ele-
ment is defined as the flux of its secondary ions nor-
malized to the ion current of a matrix element, it is
inversely proportional to the ionization probability of
the given secondary particle. The RSF data shown in
Fig. 3 exponentially depend on the ionization poten-
tial of the dimers, which counts in favor of our model
of CsM™ cluster direct emission and indicates the
validity of our ionization potential calculations for
CsM molecules.

To prove conclusively that CsM clusters are the
products of direct emission during target sputtering by
a cesium beam, it is necessary to find a logical expla-
nation for the weak matrix effect observed when CsM*
clusters from a number of targets are analyzed. To do
this, we will again turn to the calculated data for ion-
ization potentials (Table 1). It is seen that while the
ionization potentials of atoms vary from 3.89 (Cs) to
17.5 eV (F), those of the respective dimers vary in a
much narrower interval from 3.3 (CsCs) to 8.47 eV
(CsF). Additionally, the ionization potentials of clus-
ters containing chemically similar elements, for exam-
ple, alkali metals, are very close to each other. All this
allows us to argue that, in the case of CsM clusters, the
matrix effect is merely strongly reduced (compared
with its amount in the case of atoms) because of a
small spread in the ionization probabilities of these
clusters, including when they are sputtered from dif-
ferent targets.

Thus, we determined the work function of the tar-
get exposed to cesium ions, calculated the ionization
potentials of CsM clusters of interest, and confirmed
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Fig. 3. RSF of CsM clusters sputtered by a cesium beam
from a GaN target vs. the ionization potentials of these
clusters (see data in Table 1).

the hypothesis of direct emission of these clusters. To
design an experiment on measuring the cesium con-
centration on the sputtered surface, let us consider the
band diagrams of silicon and gallium arsenide with
allowance for the band bending induced by cesium ion
implantation and determined from the change in the
work function (Fig. 4). The main parameters of the
semiconductors, namely, ionization potentials, band-
gaps, and electron affinities [33], are indicated in
Fig. 4, along with the ionization potentials of second-
ary Cs atoms and CsK, CsNa, Cs,, CsSi, CsGa, and
CsAs clusters. Comparing these ionization potentials
with the ionization potential of the corresponding tar-
get (in this case, the ionization potential replaces the
work function) allows us to uniquely interpret, based
on the suggested ionization model (formula (4)),
experimental data for emission of clusters from the Si
and GaAs targets. Figure 5 shows the emission current
of secondary Cs* ions and CsM™ clusters (M is the
matrix element of the above targets). The ionization
probability reaches unity for secondary particles with
an ionization potential lower than that of the target.
For the gallium arsenide target, these are Cs atoms and
CsK, CsNa, CsGa, and Cs, clusters. Note that the
ionization probability of the CsAs cluster is smaller
than unity (the exact value of this ionization probabil-
ity is insignificant for our study). For the silicon target,
only the ionization potentials of CsK and Cs, clusters
are lower than that of the silicon; consequently, only
for these clusters, one can expect 100% ionization.
The remaining sputtered particles, namely, CsSi and
CsNa clusters and Cs atoms have an ionization proba-
bility less than unity. In the experimental profiles
depicted in Fig. 5, this shows up as nearly the same
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the ionization potentials of secondary particles (Cs and
CsM clusters) are schematically shown.

Cs2+ intensities for both targets (the ionization proba-

bility equals unity). At the same time, the Cs™ intensity
for the GaAs target is five times higher than for the Si
target. In other words, if it is assumed that the ioniza-
tion probability of secondary Cs atoms sputtered from
GaAs is unity, that of secondary Cs atoms sputtered
from Si is equal to 0.2.

As applied to the technique of determining the
implanted cesium surface concentration, the most
important fact following from the band diagrams and
experimental profiles is that the ionization probability
of sputtered CsK and Cs, clusters reaches unity for

both targets; that is, we can put B = Beg = 1. Then,
an experiment on determining the cesium surface
concentration may be designed as follows: in the
course of target irradiation by cesium ions and CsM*
cluster ion detection, the layered distribution of
implanted potassium ions is taken and the RSF of sec-
ondary CsK™ clusters is measured.

Accurate to a coefficient depending on the differ-
ence between the emission probabilities of secondary

Cs, and CsK clusters, Cs, clusters have the same RSF
as CsK* clusters. In other words, the cesium concen-
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Fig. 5. Intensities of cesium secondary ions and some

CsM™ cluster ions sputtered from the (a) Si and (b) GaAs
targets under steady-state sputtering conditions.

tration in the subsurface layer (which is implanted by
cesium ions during sputtering) is qualitatively found by
the procedure used to calculate the concentration
from the ion current, as is done in standard SIMS
analysis,

Ce. = RSF(Cs;)I(Cs,)/I(CsM,)), ()

where [ is the intensity of the cesium-containing clus-
ter. In this work, the RSF(CS?) is equated to the

RSF(CsK™) for the silicon target. For the gallium ars-
enide target, the RSFs for CsK* and CsNa™ were used
(see below).

Figure 6 shows the experimental concentration
distribution of the potassium implanted into the sili-
con target and also the distribution of cesium
implanted into the target during ion sputtering and
determined with the above technique.

TECHNICAL PHYSICS VWl. 58 No.5 2013
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The cesium concentration was found to be about
18 at %. This value was compared with those obtained
by other methods under similar sputtering conditions
(Table 2). Here, the data are seen to disagree. This
problem was touched upon in the Introduction, where
a large spread of published data, specifically, for the
concentration of cesium implanted during ion sput-
tering, was noted. We guess that this spread arises
because the sample is transferred from one high-vac-
uum system to another. Such a carryover causes hard-
to-predict variations of the composition on the target’s
surface because of gas molecule adsorption. It was
shown [8, 15] that even transferring in vacuum (under
a residual pressure of 10~ Torr) leads to the adsorption
of a large amount of oxygen and carbon. One or more
layers of adatoms introduce a considerable error into
the cesium concentration determined on the etching
surface. This is because, using conventional methods,
say, Auger electron spectroscopy, one analyzes only a
thin subsurface layer less than 1 nm thick [8]. More-
over, adsorbed oxygen (carbon) combines with the sil-
icon to form a silicon oxide (silicon carbide) film,
seemingly lowering the cesium concentration in the
layer being analyzed (see, for example, data reported
in [8]). After the ion beam is switched off, the surface
reconfiguration and subsurface diffusion may take
place because of oxygen and/or carbon deposition
among other things.

In the case of X-ray photoelectron spectroscopy
[7—10], an error in the cesium concentration may be
caused by a large escape depth of photoelectrons,
about 10 nm, which specifies the thickness of the ana-
lyzed layer. The thickness of the cesium-implanted
layer is estimated as being smaller, about 5 nm.
Accordingly, X-ray photoelectron spectroscopy also
underestimates the cesium concentration. The
method suggested in this work is free of the disadvan-
tages listed above and provides a more correct value of
the cesium concentration.

Earlier [43], a relationship was suggested for deter-
mining the surface concentration of ions implanted
into a target being sputtered by these ions,

o
Yk, +8
Here, & is the incorporation coefficient, which is usu-
ally taken to be equal to unity when target atoms are
lighter than primary ions; Y, is the target sputtering
yield; and

(6)

- R
i

k= (M/Mc)"(U/Uc)' ™"
is the coefficient characterizing preferential sputtering
of species (in this case, implanted cesium or target
atoms) from the irradiated surface [44]. Table 2 lists
cesium concentrations calculated by formula (6) with
regard to experimentally found values of the sputtering
yield: Y = 3 for silicon and Y = 8.6 for gallium ars-
enide. Shown also are the surface binding energy of
elements calculated by the technique described in [45].
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Fig. 6. Distribution profile of the potassium (monitored as
CsK™ cluster ions) implanted into the silicon in compari-
son with the concentration of the cesium (monitored as
Cs;r cluster ions) implanted during sputtering by the

cesium ion beam (for details, see the text).

Good agreement between the calculated and experi-
mental data support the assumptions made in this
work.

When the same calculation was carried out for
implanted sodium, the calculated cesium concentra-
tion turned out to be highly overestimated. As was

Table 2

Cesium concentration, %

Si GaAs
CSCS, formula (6) 17.0 7.8
18.0 5.6—5.8

5 .
Cc,, experiment

References 3.41[10],5.6 [12],9[11],
10 [8], 50 [17], 80 [9]
Cesium surface bind- 2.31 1.33
ing energy Uc,, €V
Target sputtering yield 3.0 8.6

Y, atoms/ion
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Fig. 7. Distribution profiles of (a) sodium and (b) potas-
sium implanted into the GaAs target in comparison with
the cesium concentration implanted during sputtering by
the cesium ion beam and calculated by the suggested tech-
nique.

demonstrated earlier, the ionization probability of
CsNa is less than unity (the ionization potential
exceeds the work function of the surface, Fig. 4), so
that this cluster cannot be used as an internal standard
for calculation of the cesium concentration on silicon.

In the case of the GaAs target, we expected 100%
ionization of both CsNa and CsK clusters with regard
to the ionization potentials calculated for these clus-
ters and the experimentally determined work function
of the GaAs target (Fig. 4). Figure 7 shows the distri-
butions of potassium and sodium implanted into the

KUDRIAVTSEV et al.

GaAs target, along with the calculated concentration
of cesium implanted during sputtering. The experi-
mental values of the cesium concentration obtained
with CsK* and CsNa™" used as internal standards are
nearly the same: 5.8% and 5.6%, respectively. This dis-
crepancy is attributed to the difference between the
sputtering yield of these clusters and also between
these clusters and the Cs, cluster. The discrepancy
between the experimental and calculated concentra-
tions can be regarded as insignificant, especially in
comparison with the spread of experimental data
reported by different authors [7—17].

CONCLUSIONS

It was shown that the formation of CsM™ ions is
best described by the model of direct emission of CsM
clusters with their subsequent ionization by the same
mechanism as the ionization of sputtered atoms. From
ionization potentials calculated for some CsM mole-
cules, conclusions are drawn that the ionization prob-
ability of sputtered CsK and Cs, molecules is close to
unity. Then, using implanted potassium as an internal
standard, one can determine the concentration of
cesium ions implanted during sputtering. The cesium
concentration thus determined on the Si and GaAs
surfaces agree well with data calculated in terms of the
adopted model.

Based on the ionization potentials and work func-
tions of the Si and GaAs targets obtained in this work,
a logical explanation for the absence of the matrix
effect in III—V semiconductors can be suggested.
From the band diagrams of Si and GaAs shown in Fig. 4,
it follows that the ionization probability near unity can
be expected for a number of molecules, such as CsGa,
CsAl, CsMg, CsZn, CsCd (Table 1), and Csln (the
ionization potential was not calculated). The yield of
these clusters from ternary and quaternary solid solu-
tions of Group III and Group V elements (Al, Ga, In,
P, As, Sb) does not depend on the solid solution com-
position (see, for example, [46]).
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