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Effect of chemical bonding on positive secondary-ion yields in sputtering
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We have studied the effect of chemical bonding on the emission of positive secondary ions from

solid surfaces in static mode sputtering. In all the three systems investigated, N-Si(100), O-Si(100),
and G-Ge(111), the Si+ and Cxe+ yields were enhanced by at least 2 orders of magnitude. X-ray
photoemission showed that the ion yields were linearly related to the amount of surface nitrides or

oxides formed during the reactions. The ion yields were site specific and showed emission-velocity

and angle dependences. The results are compared to the predictions of a recently proposed bond-

breaking model.

I. INTRODUCTION figurations (i) involving M:

When an energetic primary ion impinges on a solid, the
momentum transfer can cause the sputtering of surface
atoms from the surface, and a certain fraction of these
ejected atoms are ionized. The formation of these secon
dary ions constitutes the basis of secondary-ion mass spec-
trometry (SIMS).' The prevailing view of the ionization
process is that the sputtered atoms exchange electrons dia-
batically with the solid surface. An electron tunneling
mode1 has been developed for the ionization of atoms
sputtered from metallic targets. This theory has been suc-
cessfully applied to explain the emission of both positive-
and negative-secondary-ion emission in certain sys-
tems. Recently we have presented evidence for anoth-
er category of secondary-ion production where the charge
fraction depends more on the 1ocal chemical bonding,
than the global electronic state of the surface. We pro-
posed that ionization can result from the rapid breaking
of the 1ocal bond. In this paper, we shall present in more
detail the experimental evidence that led to these con-
clusions.

The idea of ionization by bond breaking started with
the observation that the ion fraction is very sensitive to
surface chemistry. ' The positive-metal-ion yield from
an oxygen or other electronegative element covered metal
surface can easily exceed the intrinsic ion yield from a
clean metal surface, under similar sputtering conditions
with an inert primary ion beam, by three orders of magni-
tude. Since oxidation usually changes the sputtering rate
only by factors of 2 or so, the phenomenon is mainly
caused by a chemical enhancement of the ionization prob-
ability. In a recent experiment, where both the sputtered
neutral and ionized atoms were measured, the ionization
probability of sputtered silicon atoms from an oxidized
silicon surface was found to reach as high as 0.3. In fact,
it is a regular practice in SIMS analysis to use oxygen
primary-ion beams for sputtering to enhance the detection
sensitivity.

If the interaction is indeed very local, phenomenologi-
cally the secondary-ion yield IM of element M would be
the sum of the contributions from different bonding con-

IM g f;P;+ Y——,
.ip,

where f;, P;+, and Y; are the concentration, ionization
probability, and partial sputtering coefficient of the M
atoms bonded in the ith configuration, and i~ is the
primary-ion beam current. In the first approximation, all
the P's and Y's are constants specific to the chemical con-
figuration and are independent of the concentration. The
linearity between Iz+ and f; is the unique feature of this
localized interaction picture which however, has not been
explicitly verified. Equation (1) is difficult to apply since
the usual experimental observable is co, the concentration
of the electronegative species (e.g. , oxygen), and not f;. A
frequently measured quantity is the ionization probability
P+ defined as the ratio of the secondary-ion yield IM to
the sputtering yield Y as determined by erosion experi-
ments. The latter is actually an averaged value given by
the following:

Y=g f; Y ip .

The relation between co and f; depends very much on the
surface reaction kinetics in the individual experiment.
Both IM and Y have in general nonlinear dependences on
the concentration of the electronegative species, and these
relations are hard to predict. Hence the validity of Eq. (1)
is not obvious„and the ion yie1d is rarely found to be
linear with co. For example, the reported oxygen cover-
age dependences of the sputtering of Si+ from silicon sur-
faces ranges from linear at very low coverages ( & 3 at. %)
(Ref. 10) to power-law dependences, ' ' to exponential
dependences' when oxygen was introduced under ion
bombardment conditions. In our experiment we have
selected model chemical systems and specific reaction
conditions to simplify the relation between f; and co,
which was monitored by x-ray photoemission (XPS). We
have succeeded to observe the validity of Eq. (1) for Si+
sputtered from oxidized and nitridized Si(100) surfaces,
and for Cye+ sputtered from oxidized CJe(111) surfaces.
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II. EXPERIMENTAL PROCEDURE

The experiment was performed in an ultrahigh-vacuum
system consisting of an analytical chamber and a prepara-
tion chamber. The turbo-pumped preparation chamber
has a base pressure of 2 & 10 ' Torr and is equipped with
a Varian low-energy electron diffraction (LEED) ap-
paratus, a sputter ion gun for sample cleaning, and a dos-
ing tube for gas introduction. The analytical chamber
which is connected to the preparation chamber through a
gate valve has a base pressure less than 1 & 10 ' Torr and
is equipped with a Leybold EA-11 hemispherical energy
analyzer, a Mg Ka x-ray source for XPS, and a He lamp
for ultraviolet photoemission (UPS). The sputtering ex-
periment was performed with in situ XPS to monitor the
coverage and the chemical state of the surface. The sur-
face reactions (e.g. , oxidation, nitridation) were induced
thermally and sputtering was kept to a minimum (static
mode ) to reduce ion-beam-induced chemistry and radia-
tion damage to a negligible level. The coverage of the
electronegative species was kept close to the monolayer
range so that the information from both SIMS and XPS
originate from the same reacted layer.

The Si(100) and Ge(111) samples were cut from 10
Qcm n-type Si wafers which had 7000 A of Ta film
deposited on the back side for electrical conductivity.
They were mounted by small Ta clamps on the sample
holder and direct current heating was used. The sample
temperature was monitored by an infrared pyrometer and
the emissivity correction was determined by calibrating
against an optical pyrometer from 650—900'C.

After mounting into vacuum, the Si(100) samples were
cleaned either by Ar+ sputtering (1 pA/500 eV, 1—2 h)

or, alternatively, following a three-step heating procedure
(10 h at 600 C, 5 min at 900'C, 20 s at 1050'C). Both
treatments yielded a carbon- and oxide-free Si surface as
monitored by XPS. LEED showed a sharp p(2X1)
reconstruction pattern, whereas the UPS (He I) spectra ex-
hibited the characteristic surface-state peak near the
valence-band edge. The Ge(111) samples were simply
cleaned by heating at 650'C, leading to a sharp and in-
tense surface state near the valence-band edge in UPS and
the (2X 8) overstructure in LEED.

In the sputtering experiment, the sample surfaces were
bombarded with an Ar+ beam (1 nA/500 eV, incident at
—30' off normal), which was rastered over a surface area
of 4&&4 mm in order to provide for proper static mode
SIMS conditions. Secondary ions (positive or negative)
with different emission energies were first selected by an
electrostatic energy filter of about 0.5-eV resolution
without the use of an extraction field' and afterwards
detected with a quadrupole mass spectrometer. Geometri-
cally the entrance aperture of the energy filter subtended a
cone of about 17' semiapex angle at the bombardment
spot. Hence a qualitative comparison of sputtered ion
yields at different emission angles could be made by
changing the tilt of the sample. But since the angle be-
tween the primary-ion beam and the axis of the detector
was fixed at 64.3, rotating the sample caused changes
both in the angle of incidence of the Ar+ beam and the
angle of detection.

Starting from the clean surface, oxygen or nitrogen was
cumulatively absorbed on the samples, and the sec-
ondary-ion yields were measured as a function of the oxy-
gen (nitrogen) coverage which was monitored by measur-
ing the area under the XPS O 1s or N 1s peak. Simul-
taneously, we examined the adsorbate-induced chemical
shifts of the substrate core-level peaks Si 2p and Ge 3d in
order to study the oxide (nitride) growth. The surface
sensitivity of XPS was enhanced by using a grazing emis-
sion angle (80 with respect to the surface normal). XPS
and SIMS sampling depths were then of the same order
(=3 A).

III. RESULTS

A. N-SI(100)

The first model system we studied is the effect of nitri-
dation on the sputtering of Si+ from Si(100) surfaces. Ni-
trogen was cumulatively adsorbed on Si(100) at high tem-
perature (1000'C). Owing to the low reaction rate, high
exposures up to 6 &( 10 L (1L= 1 langmuir = 10
Torr sec) at 10 Torr had to be used to reach a mono-
layer coverage. In accordance with observations by
Schrott et al. ,

' nitrogen did not produce any extra LEED
patterns at this temperature. The p(2)& 1) overstructure
vanished gradually, accompanied by an increase in back-
ground intensity.

The nitridation process was monitored by the binding
energy of the Si 2p core level. Starting from a clean
Si(100) surface, the nitridation process lead to a shoulder
and finally to a broad second peak at higher binding ener-

gy, the intensity of which increased with increasing expo-
sure. The center of gravity of the shifted peak did not
change its position for the different Nz exposures, or in
other words, the relative distribution of the various ni-
trides remained constant. The amount of this chemical
shift was found to be 3.15+0.15 eV, which we attribute to
the formation of Si&N4 as the predominant species in the
submonolayer nitridation process. ' Hence we can assume
with confidence that the amount of Si&N4 formed is
directly proportional to the nitrogen coverage. With UPS
we observed a depletion of the surface states upon nitrida-
tion. At the highest N2 exposure (monolayer) the mid-
point of the valence band edge was about 2.9 eV from the
Fermi level. For comparison, the bulk Si&N4 band gap is
about 5.0 eV (Ref. 17).

The sputtered Si+ yield during the static mode Ar+
bombardment of the clean Si(100) surface was barely
above the noise level. Nitridation of the silicon surface up
to a monolayer (1 ML —7&&10' cm ) enhanced the Si+
yield by at least 150 times as shown by the semilog plot of
Si+ yield versus nitrogen coverage, in Fig. 1(a). The most
direct indication of a localized interaction for Si+ forma-
tion is shown in Fig. 1(b), where the Si+ yields with emis-
sion energies 8 and 17 eV and fixed emission angle 0=45
are plotted against the nitrogen coverage in a linear scale.
Except for the case of very small exposures ( & 0.04 ML),
we found a strong linear increase of the Si+ yield with in-
creasing nitrogen coverage, indicating that the Si+ emis-
sion is directly proportional to the number of Si&N4 mole-
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FIG. 1. Sputtered Si+ yield as a function of nitrogen cover-
age for two different emission energies 8 and 17 eV and emis-
sion angle 0=45 . The maximum coverage was estimated to be
about 7)& 10' cm . Curve (a) shows that nitridation enhanced
the Si+ yield by practically 2 orders of magnitude.

cules formed during the nitridation process. The devia-
tion observed at very low coverage is probably because
low nitrogen concentration favors the formation of inter-
mediate nitrides. However the quantity was too small to
be identified by our XPS measurements. According to
Eq. (1),

Is+ =(foPo+ Yo+f»i+ Y»ip . (3)

The subscripts 0 and 1 represent unreacted Si and Si3N4,
respectively. Since the Si+ yield from a clean Si surface
(fo ——1, f &

——0) is over 150 times less than that from a ful-
ly nitrided surface (fo

——0, f &

——1), we conclude that
Po+ Yo «P&+ Y„and Is+; —f,P~+Y, iz where f ~

is propor-
tional to the nitrogen coverage. Hence, to a good approxi-
mation, our data is consistent with Eq. (1).

A similar linear behavior as in Fig. 1(b) was also found
at other emission angles. Since we cannot distinguish the
angular dependence of sputtering yield from that of the
ionization probability, detailed angular measurements
were not pursued.

For the highest exposure of Fig. 1, we measured the dis-
tribution of the sputtered positive molecular ions. A rath-
er strong signal was found at mass 70 (I7o/Izs —0.25) in-

dicating that SizN+ is the most abundant ionic molecular
species formed during the sputtering event. Si2N was also
observed in the thermal desorption experiments reported
by Schrott et al. '

B. 0-Si(100)
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FIG. 2. Sputtered Si+ and O yields from oxygenated Si(100)
surface at different oxygen coverages. The maximum coverage
was estimated to be less than two monolayers.

Similar to the case of nitrogen, the adsorption of oxy-
gen on silicon surfaces can enhance the sputtering of Si+
by over 2 orders of magnitude. We have reported prelimi-
nary observations showing a linear relation between the
Si+ yield with the oxygen coverage for room-temperature
adsorption. ' However, we found that the result was not
always reproducible. The growth process of suboxides on
the silicon surface apparently depends on the sample his-
tory and the exact dosing procedure. Oxidation at 600'C
eliminated this problem. Oxidation caused a diffused
background in the LEED pattern suggesting that there
was no long-range order in the oxides formed.

For oxygen adsorption on Si(100) at 600'C, we found
two regions of oxygen coverages, both exhibiting a linear
increase of the Si+ yield with oxygen coverage (Fig. 2).
The transition occurred at a coverage of about 7 X 10'
cm, i.e., very close to a monolayer. The chemical shift
of the Si 2p peak indicates that a mixture of suboxides
was formed in the low coverage region ( & 1 ML), similar
to that reported by Hollinger and Himpsel. ' This is
shown by the broadening of the higher binding-energy
side of the Si 2p peak (Fig. 3, curves b and c). According
to Ref. 19, this mixture is consisted of silicon atoms bond-
ed to one, two, three, and four oxygen atoms with decreas-
ing concentration. The difference spectra (Fig. 3, b-a and
c-a) with respect to the clean silicon surface indicate that
the relative distribution of the various oxides remained
constant within our experimental accuracy, even though
our XPS measurements did not have enough energy reso-
lution to separate the various components. This implies
that the amount of suboxides formed was simply propor-
tional to the oxygen coverage. With further thermal oxi-
dation (the second linear region in Fig. 2), the amount of
suboxides (Sio„)formed stayed practically constant, but
the Si 2p peak showed an increase in the formation of
SiOz where every silicon atom bonds to four oxygen
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that at room temperature. However, it still required about
10 L of exposure to reach saturation. The Ge+ secon-
dary ion yield from a clean Ge(111) surface was barely
detectable (few counts per second). Oxidation of the
Ge(111) surface also increased the Ge+ yield from this in-
trinsic value by over 2 orders of magnitude. Figure 5
shows a linear plot of the Ge+ yields as a function of the
oxygen coverage, as represented by the area under the
XPS 0 1s peak, for 7- and 14-eV emission energies. Simi-
lar to the 0-Si(100) results, we observed two different re-
gions of the oxygen coverage, both exhibiting a linear in-
crease of Si+ yield, but with totally different slopes. The
maximum oxygen coverage was about two monolayers.

The reason for the observation of two linear sections
with different slopes is similar to the O-Si(100) case. Two
oxide phases were formed in succession. We used the
XPS Ge 3d peak to monitor the various stages of oxygen
adsorption. Starting from the clean Ge(111) surface, we
observed the growth of a broad suboxide peak which was
shifted by =1.9 eV to higher binding energies, and which
finally reached about half the intensity of the elemental
peak. The difference spectra indicate that the amount of
suboxide formed is proportional to the oxygen coverage.
The LEED (2 X 8) pattern of the clean Ge(111) surface
slowly faded away upon oxygen adsorption, without the
appearance of any extra spots. At about the coverage
where the first linear section of Fig. 5 ends, the (2X8)
reconstruction pattern completely vanished, whereas the
weak (1X1) spots from the bulk structure were still visi-
ble. Further oxidation did not affect the suboxide peak
height anymore but lead to a gradual shift of the Ge 3d
peak to even higher energies (2.4 eV). We identify this
second adsorption phase as the growth of GeOq (Ref. 20).
It was again linear with the increase in oxygen coverage.
This second oxidation stage started at about the same oxy-
gen exposure where the high-coverage linear part of the

Ge+ yield began (=1 monolayer). Therefore, the linear
sections of Fig. 5 are directly related to these two different
oxidation phases. At very low oxygen coverages, there
was some deviation from linearity. We suspect that
another form of suboxide was present. Unfortunately, our
XPS was not sensitive enough to identify it.

By decomposing the XPS Ge 3d spectra, we measured
the amount of germanium suboxide and dioxide formed as
expressed by their Ge content. Using the same argument
as in the 0-Si case, the Ge+ yield can be written in the
form of Eq. (1):

Ioe ——(foPO+ Yo+f ]P&+ Y& +f2Pp Y2)l~ (5)

Here the subscripts 0, 1, and 2 denote unreacted germani-
um, germanium suboxide, and dioxide respectively. The
contribution from the unreacted germanium is however
negligible. Figure 6 shows directly that the increment in
Ge+ yield is indeed linear with the increase of suboxide or
dioxide concentration in the two regions. Ge02 with the
higher oxygen coordination number is more efficient in
promoting the emission of Ge+. The yield ratio
Y~ =—(P2+ Y2 ) /(P &+ Y~ ) is about 6.5 for Ge+ emitted nor-
mal to the surface and with 7-eV kinetic energy.

This sensitivity to chemical bonding is energy and
strongly angular dependent. To demonstrate the
phenomenon, all data in Fig. 7 have been normalized to
the (7 eV/0 ) results at the end of the first linear section
(22 0 ls units). Upon further oxidation, the Ge+ signal
increases much more rapidly at large emission angles 0,
whereas the energy dependence is comparatively weak (7
eV/30 versus 36 eV/30'). Similar to the O-Si(100) result,
the sensitivity to the bonding configuration is larger for
smaller emission energies.

In spite of the strong angular dependence there is a
complete lack of correlation with the normal component
of the emission velocity v, =(2E/m)'~ cos8. As shown in
Fig. 7, the slope increase for (7 eV/0') and (36 eV/64 ) is
totally different, although these spectrometer settings
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FIG. 6. Dependence of the sputtered Si+ yield on the concen-
tration of germanium suboxide and dioxide formed.
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(d) No simple correlation with the normal component
of the emission velocity v, was observed. The strong an-
gular dependence observed in 0-Ge(111) may be the result
of short-range order or molecular orientation. No angular
dependence was observed in the 0-Si(100) system.

IV. DISCUSSIONS
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FIG. 7. Comparison of the oxygen coverage dependence of
the Ge+ yield at different emission angles and velocities. All
the data have been normalized to the 7 eV/0' result at 22 units
of 0 1s signal.

were chosen to provide for the same value of
u, ( =4.3)& 10 cm/s) of the detected Ge+ ions. The
strong angular dependence contrasts the negative result
observed for 0-Si(100) although in both cases LEED data
suggested the loss of long-range order upon oxidation.
The data, however, implies a dependence of the
secondary-ion emission process on the short-range order
or the molecular orientation. Unfortunately, with the
beam-detector geometry fixed, our apparatus was not ade-
quate to perform a more detailed study of this interesting
phenomenon.

The next most abundant secondary ion observed is 0
and is approximately one-sixth of the Si+ yield. Unlike
the 0-Si(100) case, after increasing linearly with the
suboxide concentration, the 0 yield stayed constant dur-
ing the growth of GeOz. All the observed molecular ion
yields showed linear dependences with oxygen coverages
in the two oxygen coverage regions with different slopes.
While the GeO+, GeO3 yields increased with the growth
of GeOz, the Ge20+ and GeOz yields actually decreased.
Only Ge+ and GeO+ showed large emission angle depen-
dences. We do not have a clear explanation of these
behaviors at present although they all reflected the
changes in the oxygen-germanium bonding configura-
tions.

The following summarizes our experimental observa-
tions.

(a) In all the three chemical systems studied, N-Si(100),
O-Si(100), and O-Ge(111), the reaction with the elec-
tronegative atoms nitrogen and oxygen enhances the emis-
sion of Si+ or Ge+ over the intrinsic ion yields from clean
surfaces. The enhanced ion yields were linearly related to
the amounts of compounds formed in accordance with
Eq. (1).

We have shown that Eq. (1) is a valid description of the
Si+ and Ge+ secondary ion yields for all the three sys-
tems. The data are consistent with a local interaction for
the ionization process. Here we would like to discuss two
interesting observations that are frequently overlooked in
SIMS experiments.

The concept of a site-dependent local sputtering coeffi-
cient Y; was also introduced in the context of SIMS by
Sigmund ' in an integral form. As shown in our experi-
ment, the secondary ion yield is proportional to the sum
of the products P;+ Y;, but the separate determinations of
P;+ and Y; are very difficult. In conventional experi-
ments, only the weight average Y' [Eq. (2)t is being mea-
sured. One possible way to determine Y; is to perform a
static mode sputtering experiment on single phase sur-
faces, e.g., Si02, so that no other phase is formed by the
ion bombardment. Then Y; can be determined if the total
sputtered flux is measured, for example, by multiphoton
ionization.

The simple linear relations between I~ and co, the con-
centration of the electronegative species, appear only in
special cases. We observed them because special pro-
cedures were followed so that the individual phases of the
reaction were well separated. Since the product P;+ Y; is
strongly site dependent, the secondary ion yield depends
critically on the distribution of the f; s. In conventional
SIMS experiments with dynamic mode sputtering, ion-
beam-induced mixing can compete with chemical kinetics.
Oechsner and Sroubek have modelled the case where the
oxygen atoms are randomly distributed. In this special
case, the distribution of the f, s can be predicted and sites
with higher oxygen coordination are favored at high oxy-
gen concentrations. The ion yield has a power-law-like
dependence on co. In practice, the distribution off s can
span between the random case to the case where the
chemical kinetics dominates, depending on the experimen-
tal conditions. We have chosen the latter in our set of ex-
periments. This also explains the divergence of the re-
ported data on the oxygen concentration dependence of
Si+ yield sputtered from oxygenated silicon, as mentioned
in the Introduction. Hence unless special attention is tak-
en, the measured ionized probability P + will be a weight-
ed average given by:

P +=+fP;+Y;/g f; Y; .

In a recent paper, we have proposed a semiquantitative
bond-breaking model to explain the ionization of sput-



35 EFFECT OF CHEMICAL BONDING ON POSITIVE. . . 6049

tered atoms. According to this model, the sputtering of
an atom M from the surface leaves a cation vacancy X
which can trap an electron for at least the sputtering time.
Charge exchange can happen at the crossing between the
diabatic covalent potential curve M +L and the diabatic
ionic curve M++X at distance R, from the surface.
The crossing distance R, =(I —3) ' in atomic units is
the place where the electrostatic attraction in the ionic
case balances the difference I —A. Here I is the ioniza-
tion potential of M, and A is the electron affinity of X.
The ionization probability P+ is given by:

P+=Gexp( 2n.H—/u
~

a
~

)~

3.4

o 3.2—
O

CL

3.0
(D

2.6

Here H is the transition matrix element, v is the velocity,
and

~

a
~

is the difference in the first derivatives of the
potential curves, all evaluated at R, in atomic units. G
accounts for the degeneracies go and g+ of the covalent
and ionic curves respectively, and equals approximately to
g+ /go

The matrix element H reflects the properties of the
original chemical bond before M is sputtered. The yield
ratio Yz between the dioxides and suboxides measured is
hence a measure of the change in H with the change in
the chemical state. For simplicity, Eq. (7) can be written
as P+/G =exp[ —u/v(R, )] where v(=2trH /~ a

~
) ab-

sorbs all the variables in the exponent except u (R, ). We
shall first discuss the 0-Si(100) case where there is no an-
gular dependence.

By writing v =v &, vz for the suboxide and dioxide
phases respectively, the yield ratio is given by

Ytt ——( YpG2/Yt Gt )exp[(v t
—v2)/u (R, )] .

For a sputtered ion M+ with mass m and emission ener-
gy Ek, u (R, ) can be calculated:

u(R, ) =[2(Ek+I —2)/m]'

Figure 8 shows a semilog plot of the measured value of
YR (Sec. III B) as a function of [ u (R, )] ' for Si+.
Indeed the data points follow a linear relation with
v) —vp ——1.1X10 cm/s and Y2Gp/Y)G) ——1.1. This re-
sult is consistent with the bond-breaking model. If the de-
generacies originate only from the sputtered M or
M+, G& ——G2 is a reasonable approximation. Then we ob-
tain a rough estimate of the ratio of sputtering coeffi-
cients Y2/ Y& —1.1.

7x10 ' gx]0 gx10 ) x]0-~
Inverse Velocity (s/crn)

FIG. 8. The Si+ yield ratio Y~ between silicon dioxide and
silicon suboxide as a function of inverse of the Si+ velocity at
the crossing point.
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We have observed large angular anisotropy in the value
of Yz for the 0-Ge (111) system. There are two possible
contributions to this effect. One is the angular anisotropy
of the sputtering coefficients Y], Y2 which relates to the
anistropy of the momentum transfer in a crystalline lat-
tice. The other possibility is related to the electron
transfer. The transition matrix element H can be angular
anisotropic. A possible way to separate these two contri-
butions is to compare the angular distributions of the
sputtered ions and neutral atoms. The recent progress in
laser ionization seems to offer this possibility.

We have, in this paper, reported experimental evidence
that supports the local bond-breaking model. This, in
combination with the electron tunneling model, can form
a good basis for the further understanding of the nonadia-
batic charge transfer phenomena between sputtered atoms
and surfaces.
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