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Harald Jacobsson and G. Holmen
Chalmers University of Technology, Department ofPhysics, $-412 96 Goteborg, Sweden

(Received 17 May 1993)

The electron yield from SiOz films on Si was measured as a function of oxide thickness and ion energy
for 150—300 keV H+, He+, N+, Ne+, Ar+, Kr+, and Xe+ ions. For oxide films thicker than 200 A, the
electron yield was found to be approximately independent of oxide thickness. The electron yield from
the thick oxide increased as a function of the energy deposited D in electronic excitations with approxi-
mately the form D ' and not D as expected from theory. Close to the Si02/Si interface, unexpected
variations in the electron yield with oxide thickness, dependent on ion mass and energy, were found. Ex-
periments were performed to investigate whether or not the oxide surface was charged by the ion beam,
but such effects could not be observed. However, a satisfactory interpretation of the data could be ob-
tained with a model previously suggested for explaining the dependence of the electron yield on the an-

gle of ion incidence. In this model, the positive charge left behind in the oxide by the liberated electrons
within the electron cascades of individual ions, causes the probability of escape of electrons to decrease
with increasing electron yield.

I. INTRODUCTION

The phenomenon of electron emission from matter in-
duced by energetic particles is well known and is of great
importance in inany applications, for example, in mea-
surement of ion currents, ' in plasma-wall interactions, '

and in surface analysis techniques such as ion micros-
copics and scanning electron microscopy. Often, the en-
ergetic particles impinge on a substrate with a thin over-
layer, for example an oxide. For a thick overlayer, the
electron emission will be determined by the overlayer ma-
terial only, but with decreasing oxide thickness a gradual
changeover to the substrate electron emission is generally
anticipated.

Theoretically, the electron emission induced by elec-
trons and ions has been rather extensively investigat-
ed." Recent theories predict a linear dependence of the
electron yield on the energy deposited by the projectile to
excitations of electrons in the target surface, D; that is,

y =AD,

where y is the electron yield (electrons/ion), and A is a
parameter that depends on the target material only. For
ion bombardment the contribution to D from recoiling
target atoms can be taken into account by splitting D into
two parts:

D =Ds+D, =PS, +D, ,

where D is the energy deposited directly by the projec-
tile to the target electrons, D, is the recoil contribution,
S, is the electronic stopping power of the ion, and P is a
factor which takes into account the transport of energy
by the target electrons. In other theoretical app-
roaches, the unique interaction in each specific ion-target
combination is emphasized, and a general scaling law as
in Eq. (1) is disputed.

Experimentally, Eq. (1) has been roughly confirmed for

ion bombardment of metals and semiconductors. For
proton bombardment, the agreement between Eq. (1) and
experiment is generally quite good, whereas for heavy ion
bombardment () 100 keV) for some materials the elec-
tron yield is found to increase more slowly with D than
predicted by Eq. (1).'

The electron emission from insulators has been investi-
gated, ' '6 but it is by far not so well documented as that
of metals. Generally, the electron yield has been found to
be much larger for insulators than for metals and semi-
conductors. "' This has been attributed to a larger es-
cape depth, which is due to a larger inelastic mean free
path, and to a lower surface barrier for excited electrons
in insulators than in semiconductors and metals. ' ' '
The dependence of the electron yield on D has not been
thoroughly investigated for insulators.

In a previous study, it was shown that the electron
yield from Si02 increases approximately as Da73 when
the angle of ion incidence is vazied. 's It was suggested
that the probability of escape of electrons decrease with
increasing electron emission, since the number of attract-
ing holes left behind by emitted electrons increase with
the number of electrons escaping. To evaluate if a similar
effect could also be observed for varying ion mass and ion
energy, an investigation of the electron emission for a
thick SiOz film, was performed. Furthermore, the elec-
tron yield has been studied as a function of Si02 film
thickness to investigate the Si02-to-Si transition in the
electron yield.

II. EXPERIMENTAL PROCEDURE

The electron yield was measured on Si02 films thermal-
ly grown in dry oxygen at 1100'C on Si(100) n-type
40—60-Qcm substrates. The initial oxide film thickness
varied from 650 to 98 A, as measured by ellipsometry be-
fore mounting in the chamber. Experiments were per-
formed in an ion-pumped UHV chamber' with a base
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pressure of 2X10 mbar, connected to the Chalmers
400-kV ion accelerator. Before mounting in the chamber,
the samples were immersed in an ultrasonic bath for 3
min in acetone, followed by 10 min in distilled water.

During sputtering, the ion beam was defined by a 3.5-
mm-diameter aperture, whereas when the electron yield
was measured the ion beam was defined by a 1-mm-
diameter aperture. y was determined by measuring the
total current (ions plus electrons) to the target, which was
biased at —100 V, and the ion beam current was mea-
sured separately in a Faraday cup located between the
beam-defining aperture and the target. ' From these two
measurements, the electron yield was calculated.

%hen absolute values of y for Si02 were to be mea-
sured, 15—25 A of a 650-A film was sputtered away, and
a steady state was reached before y was ultimately deter-
mined. For Xe+ and Kr+ ions, a true steady state was
never reached since for these ions there was a continuous
slight decrease in y (Fig. l). A new target position was
used for each different ion type, but the same position
was used for difFerent energies of the same ion. For H+
and He+ ions, which have very low sputtering yields, y
was measured both on new target positions and positions
previously sputtered by N+ ions, but no difference was
noticed after an initial rapid transient.

III. RESULTS

Figure 1 shows the variation of the electron yield dur-

ing sputtering of thin SiOz films on Si obtained for
150-300-keV N+, Ne+, Ar+, Kr+, and Xe+ ion bom-
bardment. The thickness was obtained by subtracting the
ion dose multiplied by the known sputtering rate from
the initial oxide thickness, which was 325 or 265 A. In
Fig. 1, unexpected variations in the electron yield with
oxide thickness are clearly demonstrated, and these varia-
tions are significantly different for different ions and ion
energies.

At the beginning of the sputtering, there is a rapid de-
crease in y which may be due to contaminant sputtering,

which has been found to sometimes lower and sometimes
increase y for insulators. ' However, it can also be due
to the depletion of oxygen in the surface layer, a
phenomenon which has been discussed elsewhere, '

and/or to the introduction of fixed charges in the oxide.
After the initial decrease, there is a slow decrease for
some ions extending over 20—30 A, but from this depth
to an oxide thickness of about 200 A, y is roughly in-

dependent of oxide thickness.
For oxide thickness of between 200 and 50 A, y for

some ions varies rather unexpectedly. In some cases, y
increases before the transition toward the y of Si,
whereas in others there is a monotonous decrease in y.
For Ar+ ions, the situation changes over from a monoto-
nous to a clearly nonmontonous variation in y when the
ion energy is increased from 150 to 300 keV.

As the oxide is sputtered through, the electron yield
gradually converges into the Si value, which is 3-4 times
lower than that of SiOz, in qualitative agreement with
predictions. The maximum escape depth of low-energy
electrons is quite difficult to determine from Fig. 1, be-
cause of the varying dependence of y on oxide thickness,
but it could be estimated to be in the region 60-200 A.
This is a large value in comparison with metals, but
reasonable in comparison with other insulator escape
depths. ~

One possible complication caused by projectile bom-
bardment of insulators is the charging of the target sur-
face. To evaluate if y was influenced by charging, the
target bias was varied. In Fig. 2, the normalized electron
yield y( V)/y( —90) is shown as a function of bias voltage
V measured with 200-keV N+ ions for several oxide
thicknesses and for Si. The electron yield is clearly in-

dependent of the target bias for voltages below —50 V.
Furthermore, within k3 V, the transition in

y( V)/y( —90) is independent of oxide thickness, includ-

ing 0-A thickness. This shows that the voltage of the tar-

get surface, relative to the substrate, can be assumed to
be 0 for all oxide thicknesses. The k3-V uncertainty is
due mainly to the fact that at positive bias voltages a
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FIG. 1. The electron yield as a function of oxide thickness
during sputtering of Si02 5lms, initially 325 or 265 A thick, on
Si substrates.

FIG. 2. The electron yield, normalized to the yield at —90-V
target bias, as a function of target bias for diferent SiO~
thicknesses and for Si.
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small number of low-energy electrons in the chamber can
reach the target, and the zero current to the target is thus
not quite well de6ned.

Figure 2 also reveals that the energy spectrum of emit-
ted electrons does not change much with oxide thickness.
For Si, there is a slightly larger tail toward more positive
voltages and thus higher energies of emitted electrons, in
qualitative agreement with dim'erences seen in the energy
spectra of insulators and metals. '

However, even if there is no noticeable macroscopic
voltage buildup on the surface, there may be some micro-
scopic charge modification in the oxide due to the emis-
sion process, infiuencing the electron yield. To investi-

gate the existence of such effects, an experiment was per-
formed where the ion current density was varied during
the measurements of y for 200-keV N+ ions on a 650-A
SiOz film. The result, presented in Fig. 3, shows that,
within experimental accuracy, there is no variation in the
electron yield over five orders of magnitude in ion current
density. This indicates that, except possibly for some
fixed charges, there is no charge imbalance within the ox-
ide, which is not neutralized before the next ion arrives.

To evaluate the dependence of y on D, y for a 650-A
SiOz film was measured for seven different ions of 150-,
200-, and 300-keV energy, and the results are summa-

rized in Fig. 4. D was determined from Eq. (2), with S,
taken from tables and D, from TRIMz~ calculations. A
factor similar to P in Eq. (2) is also implicitly included in
the determination of D„,but these factors are expected to
be of similar value and are not expected to vary much
with ion mass or energy. Therefore, as a first approxima-
tion, they were incorporated in the material parameter.
It can be seen in Fig. 4 that y for a 650-A film is very
similar to the y obtained for films in the region 300-200
A (Fig. 1). Except for Xe+, and also to a smaller extent
for Kr+, the data fall remarkably well on a straight line
in the logarithmic plot. However, the slope of this line is
not 1, as would have been expected from Eq. (1), but 0.62.

An even more pronounced efFect can be observed by
considering the electron emission data obtained for vary-
ing angle of ion incidence, ' also included in Fig. 4. The

30 t s s s s

QO

O

10—
~&

0
O

R

"He'

+ Ne+

Ar'
% K+
~ Xe'

3-

s i i i i I

10
I I

100
D/P (eV/A)

.12D)

FIG. 4. The electron yield from a 650-A Si02 film for
different ions of energy 150-300 keV. Open symbols corre-
spond to data obtained at angles of ion incidence varying be-

tween 0' and 70' (Ref. 18), all other data are for normal ion in-

cidence. The solid line is a power fit [Eq. (3)], and the dashed
line is the best fit to Eq. (6). The transport of energy by target
electrons was not taken into account in the determination of D.

angular variation of D was determined from
y(8) /y(0) =D (8)/D (0) and from measurements of
y(8)/y(0) for Si, assuming that D(8)/D (0) is similar for
Si and Si02.' Obviously, the angular data fit the general
trend already established very well. The slope of the
least-squares fit (excluding the Xe+ data) changes very
little, from 0.62 to 0.65. Note that even if the Xe+ data
are quite far off the line, the slope of the angular as well

as the energy data of Xe+ are quite similar to the slope of
the other data. The slightly higher value of y(0) ob-
tained in the angular Xe+ measurement is due to a small-
er oxide thickness (200 A) used for the angular measure-
ment.

The results in Fig. 4 thus suggest that the electron
yield from Si02 is governed by

y 0 70Do.65 (3)
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FIG. 3. The electron yield from a 650-A Si02 film bombard-
ed by N+ 200 keV as a function of ion current density.

Whether or not Eq. (3) is a generally valid expression, the
electron yield from Si02 increases more slowly with D
than linearly, for all conditions represented in Fig. 4.

If Eq. (3) is used to normalize the data in Fig. 1, the re-
sult presented in Fig. 5 is obtained. As expected,
y/Do s, approximately equals 0.70 (A/eV), indepen-
dent of the ion atomic number and energy for oxide
thicknesses larger than 200 A, except for Kr+ and Xe+
ions. The variations close to the transition region, how-
ever, remain unexplained. Also note that for Si, y is not
well scaled by D even if D is very similar for Si and
Si02. In agreement with previous reports, ' ' the Si y in
Fig. 1 is close to linearly dependent on D, except for Xe+
ions.

To evaluate if there is a correlation between the non-
linear dependence of y on D and the unexpected varia-
tions in y close to the Si02/Si interface, the two phenom-
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ena were compared. The depth dependence of the elec-
tron yield at normal ion incidence, y(0}, is thus in Fig. 6
compared with the depth dependence of the normalized
electron yield at a 70' ion incidence, y(70)/y(0), for
200-keV N+ ion bombardment of an initially 211-A Si02
film. y(70)/y(0) is a measure of the nonlinearity in
y(D). If y was linearly dependent on D, y(8)/y(0)
would be expected to vary as cos '(8) for 200-keV N+
ion bombardment, ' and consequently y(70)/y(0) would
equal 2.9. The transition in y(70}/y(0) when the Si02
film is sputtered away, seen in Fig. 6, thus reflects the
transition from the nonlinear dependence of y on D for
SiOz to the linear dependence for Si.

The extension of the transition region is approximately
the same for y(70)/y(0) as for y(0), but the increase in
y(0), before the decrease starts, does not have an obvious
counterpart in the variation of y(70)/y(0). For Xe+
ions, there is an almost continuous decrease in y(0) with

oxide thickness (Fig. I ), whereas the transition in
y(70)/y(0) (not shown) is as sharp as that of N+ ions.
Thus, the nonlinearity in y(D) does not seem to be
influenced by the variations in y before the decrease
starts, indicating that the two phenomena may have
different origins. A further evaluation of the relation be-
tween the phenomena is carried out in Sec. IV.

IV. DISCUSSION

A. The nonlinear dependence of y on D

The applicability of Eq. (l) could be questioned in the
case of Si02 since the minimum energy required to excite
an electron in Si02 is about 8 eV, and the condition of
cascade multiplication of electrons may not necessarily be
fulfilled. However, measurements on insulators show
that the energy spectra of emitted electrons are dominat-
ed by electrons of energies below 10 eV and have a high-
energy tail. ' ' The condition of cascade multiplication,
therefore, seems also to be fulfilled for many insulators at
suIciently high-energy bombardment, and it is reason-
able to assume that this is also the case for SiOz.

The discrepancy of the Xe+ data with the other data in
Fig. 4 is large, but a similar effect has been observed for
other materials, including Si (cf. above). ' " Since the
energy and angular dependence of y for Xe+ ion born-
bardment follows the general trend for other ions, it is
reasonable to interpret the deviation as due to the abso-
lute value of D not being properly known. This may be
due to the fact that the bulk stopping power is not well
known, but is could also be due to that the surface stop-
ping power is different from the bulk stopping power. '

An apparent nonlinear dependence of y' on D is usually
assumed to be due to D not being very well known. A
number of processes have been proposed which could
influence the value of D: (i) Recoil ionization; (ii) the
slowing down of the ion; (iii) the surface value of S,
may differ from the tabulated bulk value, for example due
to a nonequilibrium charge state of the ion ' (iv) exci-
tation of the ion (v) electron cascade anisotropy; ' and

(vi) the tabulated bulk values of S, may not be correct.
In this work (i) is taken into account, (ii) is expected to

be negligible except possibly for Xe+ ions, (iii), (iv) and
(v) are anticipated to give deviations from the expected
angular dependence opposite to that observed' and (vi) is
not important to the angular dependence (for D„«D ).

Since none of the above-mentioned processes could sat-
isfactorily explain the nonlinear dependence of y on D, it
is reasonable to assume that it is the fraction of excited
electrons being emitted that decreases with increasing D.
Si02 is an insulator and it is therefore appropriate to
search for insulator specific interpretations of the results.
The results presented in Fig. 4 are indeed in qualitative
agreement with results reported for the electron emission
from A1203 and BeO. ' In that particular investigation,
the results were not evaluated in terms of the electronic
energy deposition, but if this is done for the A1203 re-

sults, with recoil ionization roughly taken into account,
y-D is found to be approximately valid for all ions.
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For BeO, the power would be slightly higher, but the
thickness of the oxide film was only 50 A and some
influence from the substrate could not be excluded. It
should also be noted that because of the low ion energy
used in that investigation, D varies strongly within the es-

cape depth of electrons.
An important difFerence between metals and insulators

is that the holes left behind by electrons liberated by an
ion beam will be very rapidly refilled by free conduction
electrons in metals, whereas in insulators there are, ex-

cept for the liberated electrons, no free electrons. Thus in
insulators there will be a distribution of positive charges
left around the ion track which could strongly influence
the difFusion and emission of liberated electrons. In Si02,
the mobility of holes is many orders of magnitude lower
than the mobility of electrons, and the holes can there-
fore be considered as stationary in the time scale relevant
for electron emission from a single impinging ion. Ac-
cording to the results presented in Fig. 3, however, the
holes are expected to be neutralized before the next ion
arrives.

To explain the dependence of the electron yield from
SiOz on the angle of ion incidence, it has previously been

suggested that the probability of escape decreases with
increasing electron emission, since the number of attract-
ing holes in the oxide increases with the number of elec
trons escaping. ' This could qualitatively explain why
the electron yield increases more slowly than linearly
with the energy deposited in electronic excitations. To
evaluate if this interpretation is also reasonable for the re-
sults presented here, the following model was considered.

Most of the holes created in the electron cascades will
be neutralized or screened by the released electrons, but
some electrons will escape into the vacuum or to other
parts of the target. The influence of uncompensated
holes on electrons trying to escape from the surface can
be viewed as an increase in the surface barrier U (Ref. 6)
from Uo to Uo+hU. hU will vary strongly in space and
time, but it is reasonable to make the simplifying assump-
tion that all electrons are influenced by an average
change in U, proportional to the number of uncompen-
sated holes. Furthermore, the number of uncompensated
holes in the oxide can be assumed to be proportional to
the electron yield and thus on average b, U=cy, where c
is a constant.

The variation of y with U enters into the material pa-
rameter A according to

ka
(Uo+b, U)"

(5)

where k =b/a It .could be noted that, for tungsten, the
relative change in the electron yield, hy/y, has been
found to be proportional to the change in the surface bar-
rier. ' This observation can be rephrased into Eq. (5)
with n =1 by an appropriate choice of constants.

By inserting EU=cy, Eq. (5) was evaluated from
n =0.5, 1, and 2, which were the only cases where an
analytical solution could be obtained. The resulting
equation for y was then fitted by the least-squares
method to the data in Fig. 4 (excluding the Kr+ and Xe+
data) by varying the constants k and c, setting Uo to 1 eV
and P to 0.3. The constants obtained by this procedure
are given in Table I. For n =1, Eq. (5) leads to

U '1/2 '

o
1

4ckD
2G U2

(6)

which is plotted in Fig. 4 for the constants given in Table
I. This gives a curve which is almost identical to Eq. (3),
except for the lowest D, indicating that the model may
indeed be appropriate. It is interesting to note that for
n =1 a change in the surface barrier of 2.2 eV is predict-
ed for the largest electron yields, which seems reasonable.
The proportionally constant b depends slightly on n, but
for metals it could be expected to be -0.15, which
would give a rather large value of a =0.14 A ' for n =1.
However, for insulators the electron binding energy has
to be taken into account, which lowers the expected value
of a, and 0. 15/k in Table I could be regarded as an upper
limit of a.

For n =0.5, an even better fit to the data could be ob-
tained, but the determined value of c then gives an un-

reasonably large change in U. A slightly inferior, but still
acceptable fit, could also be obtained for n =2, indicating
that the model is not very sensitive to the applied elec-
tron stopping power. In reality, n probably varies with s,
but since n )0 can be expected up to fairly high energies,

be quite difFerent. To get a first estimate of y( U), assume
that ~ds/dx~ =as", where a and n are positive constants.
Insertion into Eq. (4) leads to

A=b 1 —U c
U s~dE/&xl

(4)

where b is a constant, c. is the energy above the
conduction-band edge of liberated electrons in the oxide,
and ~de/dx

~
is the stopping power of electrons in the ma-

terial. ~de/dx~ for Si02 is not known, but for several
metals, calculations have indicated that ~de/dx ~-s
for energies up to -20 eV above the Fermi energy.
However, in contrast to metals, the insulator stopping
power for low-energy electrons is expected to be dominat-
ed by elastic scattering, and the energy dependence can

0.5
1

2

C

(eV)

2.2
0.088
0.071

0.15/k() a)
(A eV' ")

0.053
0.14
0.062

0.997
0.994
0.981

TABLE I. Constants derived from a least-squares fit of the
equation for y, obtained from Eq. (5), to the data in Fig. 4 as-
suming P=O. 3. r is a coefficient giving the correlation between
the fit and the data.



1794 HARALD JACOBSSON AND G. HOLMEN 49

the electron yield is, according to Eq. (5), still expected to
increase more slowly with D than linearly. Altogether
this clearly indicates that the proposed model is a reason-
able one.

Since the electronic energy deposition will be much
more spread out laterally for large angles of ion incidence
than at normal incidence, it is somewhat surprising that
the electron yield can be so well characterized solely by
D, the total electronic energy deposition per unit depth.
Actually, from the angular measurements, a dependence
of the electron yield on D between D and D can be
extracted for the individual ions; that is a slightly
stronger dependence than the D obtained for the nor-
mal incidence data only. This could be a manifestation of
the larger distance in the electron-hole interaction at
non-normal ion incidence.

B. Variations in y close to the Si02/Si interface

A striking feature of the variations in y close to the
transition region, hereafter called peaks, is their depen-
dence on ion mass and energy. The relevant parameter
determining the magnitude of the peaks does not seem to
be the electronic energy deposition, since no obvious
correlation can be found in Fig. l. However, in Fig. 5 it
can be observed that the peak height increase with in-
creasing ion energy, for similar ion masses, and increases
with decreasing ion mass, for similar ion energies. This is
roughly consistent with an increasing peak height with
increasing ion velocity.

The velocity of 300-keV N+ ions is 0.92v0 (vD=Bohr
velocity) which is comparable to typical electron veloci-
ties, whereas the velocity of 200-keV Xe+ ions is 0.25v0.
Since it was suggested that escaping electrons interact
with the electronic excitations in the target, it is reason-
able to expect that the time dependence of electronic ex-
citations is important, particularly at the SiOz/Si inter-
face where there is an abrupt change in the electronic
structure.

In Si, the liberated electrons can be assumed to move
independently of the holes, since the mobility of holes is
much higher than in SiOz and since the material used was
n doped and there are conduction electrons available.
Neither was a nonlinearity observed in y(D) for Si.
There is possibly a net transport of electrons from Si into
the oxide in the electron cascades during ion bombard-
ment, due for example to an attractive force from the
holes in the oxide. This would reduce the force that holes
exert on escaping electrons in SiOz and, consequently, for
films thin enough, enhance the electron yield, thus caus-
ing the peaks. For this effect to be noticeable, electrons
must not necessarily escape from the Si substrate to the
surface. It is suf5cient if electrons from Si neutralize or
screen holes within an interaction distance from electrons
in the oxide, which can escape.

The ion velocity dependence of the injection efficiency
cannot be explained simply by the time it takes for the
ion to reach the Si substrate, since no peak would then be
expected in y(70) for 200-keV N+-ion bombardment, be-
cause no peak is observed in y(0) for 200-keV Kr+-ion
bombardment, and it takes about the same time for these

ions to reach the Si substrate. A peak is clearly observed
in y(70) for 200-keV N+-ion bombardment, however, as
is indicated by the depth dependence of y(70)/y(0) in
Fig. 6. However, it may be that the only time scale of im-
portance for the injection of electrons is the time scale of
the electron excitations close to the Si02/Si interface.
The injection could be much more effective, for example,
if electrons are excited on both sides of the interface
simultaneously than if most holes in the oxide are
screened before the electrons in Si are excited. The peak
effect would then mostly depend on the ion velocity and
not much on the angle of ion incidence, which is in quali-
tative agreement with the observations.

If the peak eS'ect is due to a (partial) neutralization of
holes in the oxide, y(70)/y(0) is expected to increase in
the peak region toward the value expected for a linear
dependence of y on D. That this is not the case was al-
ready noted in Sec. III (Fig. 6). However, since it takes a
longer time before electrons are injected from the Si sub-
strate into the oxide at a 70' ion incidence than at normal
incidence, it is reasonable that the neutralization is more
effective at normal ion incidence than at 70' incidence.
Therefore, y(0) may increase faster than y(70), and the
independence of y(70)/y(0) on the peak e6'ect may be
the net result of two canceling processes.

Furthermore, if the suggested mechanism is responsi-
ble for the peaks, a continuous transition from no effect
to a saturation, where the effect becomes independent of
velocity, is expected. For 200- and 300-keV N+ ions, a
saturation may indeed have been reached since the peak
heights are almost the same. By comparing Kr+ with
Xe+ ion bombardment in Fig. 5, it can be seen that also
at the other end of the velocities, the shape of the elec-
tron yield curves are approximately independent of ion
velocity. At similar ion velocities and at saturation veloc-
ities, the peak effect could also be expected to increase
with increasing electron yield, since the number of holes
to neutralize increases with the electron yield. This is
indeed what can be observed when comparisons are made
between ions of roughly the same velocity, and it can also
explain why only a small peak is observed for 200-keV
He+ ions (not shown). According to this argument, the
peak would also be larger for 300- than for 200-keV N+
ions, contrary to observations, even if the saturation ve-

locity is reached. It is possible that saturation is also
reached in neutralization efficiency.

V. CONCLUSIONS

It has been shown that the electron yield from SiOz is
not linearly dependent on the expected electronic energy
deposition at the target surface. Various mechanisms
causing this nonlinearity have been discussed, and it was
found that holes left behind by electrons liberated by the
ion beam may cause the probability of escape to decrease
with increasing electron emission and consequently with
increasing electronic energy deposition. Furthermore,
nonmontonous variations of the electron yield close to
the SiOz/Si interface could reasonably be explained by
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electron injection from the Si substrate influencing the
emission process at sufficiently high ion velocities.

A nonlinear dependence of the electron yield on the
electronic energy deposition might possibly be observed
for other materials as well, at large electron yields. For
semiconductors with low hole mobility, the situation is
qualitatively similar to that of insulators. In metals, the
electron emission process is expected to be much faster
than in insulators, and holes formed in the core of the

atoms could possibly be sufBciently lang-lived to
influence the emission.
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