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Energy spectra of ion-induced secondary electrons emitted from Si and GaAs single crystals have
been measured for various ions with a velocity of 3.75 MeV/amu. A simple Z3-scaling behavior of
the electron yields indicates that the observed keV electrons stem from simple binary collisions be-
tween the ions and the target electrons. Measurements for GaAs crystals preamorphized with 2-
keV Ar™* ions provide evidence for the localization of the binary collisions near the surface region
under channeling incidence conditions. Furthermore, these measurements are used to determine
the effective target thicknesses both for channeling and random incidence conditions.

I. INTRODUCTION

Magnuson and Carlston' observed that in experiments
using Art beams (in the range of 0.5-10 keV) the ion-
induced emission of secondary electrons from single-
crystal targets depends strongly on the incident direction
of the ions. Similarly, by using medium-energy (less than
100 keV) ions several authors have found that the reduc-
tion of the total electron yield under channeling incidence
conditions reflects the orientation of the atomic rows or
planes with respect to the ion-beam direction.?”* Gen-
eral trends in those observations, e.g., the strong reduc-
tion of the electron yield under major axial channeling
conditions, can be qualitatively understood in terms of
the well-known ion-beam shadowing effect.

For a better understanding of this shadowing
phenomenon, the energy spectra of the electrons emitted
under channeling incidence conditions must be analyzed.
Such energy spectra for fast ions in the MeV/amu range
have been already measured by MacDonald et al.,’
Kudo et al.,’ 8 and Wong et al.® but with a particular
interest in the emission of target Auger electrons. Under
channeling incidence conditions, the electron yields re-
ported in those papers exhibit a marked decrease in the
high-energy region (above a few keV), compared with
random (nonchanneling) cases. Recent measurements by
Kudo et al.'© using various 2—8-MeV/amu ions have
shown that the reduction in the electron yield under
channeling incidence conditions can be interpreted as a
decrease in the effective target thickness, resulting from
the ion-beam shadowing effect.

The observation of shadowing using secondary elec-
trons could possibly provide applications to the study of
particle-solid interactions, since information obtainable
by this method includes the ion’s behavior at large dis-
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tances from the atomic rows. Actually, even in a large
impact parameter collision between an ion and a target
atom, the outer-shell or valence electrons can be scat-
tered by the ion and contribute to the observed electron
yields. This is in contrast to the case of Rutherford back-
scattering analysis or characteristic x-ray spectroscopy
under channeling conditions,!! where information ob-
tained is rather restricted to close-impact collisions.

For such an application of the shadowing effect, more
fundamental studies of the emission of secondary elec-
trons are necessary. In fact, analyses of experimental
data requires knowledge on the mechanism of the pro-
duction of secondary keV electrons. This mechanism,
which can be inferred from the dependence of electron
yield on the atomic number of the ions, must be experi-
mentally elucidated prior to extended studies of the sha-
dowing effect.

The localization of the projectile-electron collisions
near the surface under channeling incidence conditions
has been confirmed previously by an observed scaling
characteristic of the shadowing effect.!° Also, measure-
ments of the localized-collision effect using damaged
crystals, for which the displaced atoms should enlarge
the effective target thickness may provide information
useful for the interpretation of the reduced electron yield
under channeling incidence conditions.

This paper describes the processes of the production
and emission of high-energy secondary electrons in dam-
aged or undamaged single crystals under channeling or
random incidence conditions.

II. EXPERIMENTAL

Collimation of the ion beam is important for the collec-
tion of the energy spectra of secondary electrons under
well-defined beam conditions. As shown in Fig. 1, the ion

12 729 ©1991 The American Physical Society



12 730

KUDO, SHIMA, MASUDA, AND SEKI 43

Sputter ion gun

Sample
4-blade 1.4-mm-diam
collimator aperture
lon beam _ |/ T '
7 2 ,
l— 1.9m /

}

Suppressor

plate

(To current
integrator)

_--o'-‘l--

Wlndow
sllt
Electron

spectrometer N

5
Scale(cm)

FIG. 1. Schematic diagram of the experimental arrangement.

beam first passes through a remotely controlled 4-blade
collimator, a 1l.4-mm-diameter aperture, a 3-mm-
diameter beam path within a spectrometer, and subse-
quently impinges on a target crystal. To avoid beam
scattering and emission of secondary electrons at the edge
of the aperture, the 4-blade collimator was symmetrically
narrowed so that the beam current on target was reduced
to 20-30 % of the maximal attainable current. The re-
sulting beam size on the target is about 0.6 X0.6 mm?,
appreciably smaller than the aperture.

To prevent the electrons emitted at 180° from being de-
celerated by the electric field around the suppressor plate
(—200 V), an aluminum guide pipe with a disk on its end
was mounted between the sample and the entrance of the
spectrometer, and was connected to the beam current in-
tegrator, as shown in Fig. 1. The beam current was thus
accurately measured by merging the pipe current with
the sample current.”!

The angular divergence of the incident ion beam was
sufficiently less than the critical angles for channeling,
i.e., 1 —5 mrad for our experiments. This was confirmed
by the fact that the ratio of the channeling to random
yield remained unchanged when the beams were more
tightly collimated, which geometrically restricted the
beam divergence to less than the critical angles noted
above. This fact also assured proper beam transport con-
ditions down to the 4-blade collimator. In fact, the beam
divergence was less than that defined by the collimator
and the aperture.

When the target crystals were bombarded with
MeV/amu light ions (especially deuterons), ¥ rays emit-
ted from the target impinged on the electron multiplier
(Ceratron) and produced uniform backgrounds in the
electron spectra. Those backgrounds were, however,
easily measured independently by closing the window slit
of the spectrometer, shown in Fig. 1, which ensured
counting of only y-ray signals. The uniform back-
grounds, which depended on the incident (channeling or
random) conditions, were subtracted from the spectra.

The crystals used are chemically etched Si(110),
Si(100), and GaAs (100) wafers. An Ar sputter ion gun,
shown in Fig. 1, was used to produce lattice disorder in
the surface region of the samples. Other experimental de-
tails, for example, the operation of the electron spectrom-
eter, have been described elsewhere.!?

The measurements were carried out at 290-295 K and
a pressure of about 3X 107® Pa. The ion beams were ob-
tained from the Pelletron Tandem Accelerator at the
University of Tsukuba. The beam current on target was
5-10 nA for all of the ions used.

III. RESULTS AND DISCUSSION

The energy spectra of the secondary electrons present-
ed here are raw data from which the uniform y-ray back-
ground, when present, has been subtracted.

A. Secondary electrons produced by
close-encounter collisions

Figure 2 shows energy spectra of the secondary elec-
trons induced by 3.75-MeV/amu 2H* (deuterons), *He? ™,
288i13* and 3CI'' " for random incidences on Si crystals.
The electron yields for the same number of the incident
ions are normalized to the square of the atomic numbers,
Z |, of the ions. In this case, the binary-peak energy, i.e.,
the maximum energy transferable from an ion to a free
electron at rest, is 8.2 keV. Therefore, the spectra shown
in Fig. 2 cover most of the spectrum range to which both
inner-shell and valence electrons contribute. The charge
state of the incident ions affects the electron yield only
near or below the loss-peak energy, 2 keV in this case, as
reported previously for C and O ions!® and recently also
confirmed for Si (Si'** and Si'*") and S (S'°* and S!57)
ions.

Figure 2 demonstrates a simple Z2-scaling behavior of
the electron yield at electron energies above about 2 keV,
within an estimated uncertainty of 20% in the vertical
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scale in spite of the wide variation of Z? from 1 (for *H)
to 289 (for Cl). The 20% uncertainty originates from a
slightly different setting of the 4-blade collimator and the
window slit (about 5 mm wide) for transporting different
ions, which affects the focusing conditions of the ana-
lyzed electrons into the electron multiplier and accord-
ingly gives rise to a change in the counting efficiency.
Actually, a similar difference in the electron yield was ob-
served when the beam collimation was changed. It
should be emphasized, apart from the relative uncertain-
ty in the vertical scale, that there is no noticeable
difference in the spectrum shape among the spectra
shown in Fig. 2 at electron energies above 2 keV, as can
be seen by shifting them vertically. This indicates that
the spectrum shape is determined by the ion velocity
only.

The Z32-scaling behavior of the electron yield for a
given target and for ions of equal velocity has been dis-
cussed previously,!® using a perturbation treatment for
ion-induced ionizations (semiclassical approximation
model). This treatment, however, is not applicable to the
case of heavy Si or Cl ions,'? but, the Z? scaling has a
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FIG. 2. Energy spectra of secondary electrons induced by
3.75-MeV/amu deuterons, He, Si, and Cl ions, measured for
random incidence on a Si crystal. The electron yields are divid-
ed by the square of the ion’s atomic number, Z,, and normal-
ized to the same number of incident ions. The spectrometer’s
energy resolution A E, which is proportional to the electron en-
ergy, is shown representatively at 3.5 keV. The peaks near 1.6
keV are due to Si K-shell Auger electrons.
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more general basis in the present case. The measured
keV electrons are produced only by large energy transfers
from ions to electrons through binary close-encounter
processes. Of course, the detected electron energies are
degraded by inelastic scatterings suffered along their out-
going path. Such close-impact processes can be reason-
ably well treated by the binary-encounter approximation
(BEA) in which the ionization event is described as a clas-
sical encounter between a projectile and a free electron,
whose initial velocity distribution is obtained from the
target electronic wave function.!* In the BEA model, the
ionization probability P(b) for a given target atom at an
impact parameter b is written in the form

P(b)=Z3f(b,v), (1)

where v is the ion’s velocity and f(b,v) is the ionization
probability for protons with the same velocity.!* It fol-
lows from Eq. (1) that for ions of equal velocity the num-
ber of electrons recoiled with a given momentum is pro-
portional to Z2. The Z?2-scaling behavior shown in Fig. 1
confirms that the electrons stem from binary collisions
with the projectiles. Actually, electron yields in accor-
dance with the binary collision model has been measured
in a forward direction using gas targets.!> 16,

Figure 3 shows similar results for 3.75-MeV/amu 0
and S ions incident on GaAs targets, also confirming the
Z2%-scaling behavior. In Fig. 3 no appreciable difference
in the random electron yield above 2 keV is seen for an
oblique (6=45°) and a perpendicular (6=90°) incidence
beam direction. Such independence of the sample mount-
ing with respect to the beam direction is characteristic of
the 180° detection of the backscattered, but otherwise
straightly moving, high-energy electrons. This is so be-
cause, for straightly moving electrons, the reduction of
the yield under oblique incidence (proportional to sin 6)
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FIG. 3. Energy spectra of secondary electrons induced by
3.75-MeV/amu O and S ions, measured for 45° and 90° random
incidence on a GaAs crystal. The normalization of the yields is
similar to that of Fig. 2. The peaks near 1 keV are due to L-
shell Auger electrons of Ga and As.
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is canceled by the increased number of electrons pro-
duced in a given layer by the incident beam (proportional
to 1/sin 0). It should be noted that a small difference of
the electron yields near or below 1 keV is seen in Fig. 3
between the oblique and perpendicular cases. This is due
to the disturbed electron trajectories going from the sam-
ple to the entrance of the electron’s guide pipe (Fig. 1) for
the case of 0=45°, for which the electric field of the
suppressor plate (—200 V) surrounding the sample has a
component perpendicular to the spectrometer’s entrance
axis. This disturbance effect became noticeable for the
yield below about 2 keV when the suppressor voltage was
lower than about —400V.

B. Localization of close-encounter recoils
near the surface

Figure 4 shows energy spectra of secondary electrons
for a GaAs crystal preamorphized with 2-keV Ar* to a
beam dose of about 10'> cm ™2, The spectra are measured
using 60-MeV O%* ions under (100) channeling condi-
tions. As compared to the undamaged crystal the elec-
tron yields below 7 keV for the GaAs (100) are
enhanced by 27%. This enhancement, a monitor for the
damage production, remained constant for further bom-
bardment of Art up to the beam dose of about 5 times
higher. The projected range of 2-keV Ar in GaAs is
about 60 A accordmg to the LSS calculations.!” Thus,
the 27% increase in the electron yield arises from the
heavily damaged surface region whose thickness is rough-
ly equal to 60 cos45°~42 A. (The direction of incidence
of the Ar beam is 45°.)

The keV electrons recoiled near the surface in a for-
ward direction can only be detected if they are backscat-
tered somewhere in the target. Consequently, they suffer
energy loss during the passage into the interior of the
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FIG. 4. Energy spectra of secondary electrons induced by
60-MeV O®™ for (100) incidence on GaAs before (b), and after
(a) bombarding with 2-keV Ar* to a beam dose of about 10'°
cm ™% Ej indicates the binary-peak energy (see text).
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crystal and back to the surface. For the random case, the
effect of energy loss of electrons on the spectra is stronger
than for the channeling case; for there are also target
electrons that are recoiled in deeper regions, and there-
fore, experience even more inelastic scatterings along
their path to the surface. In Fig. 4, as can be clearly seen
by a vertical shift of the spectra for electron energies less
than about 8 keV, the {100) spectra before and after the
bombardment have the same shape, while the random
spectrum has a smaller slope than the aligned spectra.
The separation between the spectra of the damaged and
the undamaged crystal is slightly larger at electron ener-
gies above the binary-peak energy of 8.2 keV. The simi-
larity between the spectrum contribution of the damaged
layer and that of the undamaged crystal indicates that
under channeling incidence conditions the large majority
of the recoils are produced in the surface region of the
crystal. Therefore, Fig. 4 provides evidence for the local-
ization of the close-encounter recoils near the surface un-
der channeling incidence conditions.

Intermediate spectrum shapes are observed for weak
channeling conditions. Figure 5 shows the electron spec-
tra for GaAs (100) axial, (110) planar, (100) planar, and
random incidences of 60-MeV O%*, normalized to the
spectrum for the strongest (110) channeling case. As
seen in Fig. 5, the normalized electron yields for {100)
and (110) cases are nearly constant above about 3 keV:
the spectrum shape is the same as for the (110) case.
The normalized electron yield for the weaker (100) chan-
neling condition, however, gradually increases above 3
keV. This indicates a larger contribution of energy-
degraded electrons, compared with the (110) case.
Thus, more electrons are produced in deeper regions of
the solid. It should be noted that above 6 keV the nor-
malized yield for the random case increases up to about
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10, the inverse of the ratio of the {110) channeling to
random yield for inner-shell electrons, see also Fig. 4.

C. Effective target thickness for
channeling incidence

To evaluate the thickness of the damaged GaAs layer,
the depth dependence of the probability for a close en-
counter between an ion and a target electron under chan-
neling incidence conditions has been calculated by com-
puter simulations.

The method of simulations is essentially similar to
those commonly used in ion-beam analyses of surface
structures.'®® The simulations are of the so-called multi-
string type. The probability for a close encounter with an
electron of a target atom, written as a function of the im-
pact parameter, is assumed to be simply proportional to
the two-dimensional electron density. The density is ob-
tained by projecting the electron distribution of the atom
onto a plane perpendicular to the channel direction. The
electron distribution used was obtained from the atomic
potential given by the Moliere approximation to the
Thomas-Fermi potential,!! by applying the Poisson equa-
tion. The Moliére potential was used to calculate the tra-
jectories of the incident O®* ions in GaAs (the Thomas-
Fermi screening length is 0.147 A). The two-dimensional
root-mean-square thermal vibration amplitude of atoms
in GaAs was taken to be 0.13 A at room temperature,
since this value enables reasonable analysis of surface
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peaks observed in ion backscattering spectra.!® We have
also calculated the close-encounter probability for typical
inner-shell electrons in GaAs, i.e., for L-shell electrons.
In the simulations, the distribution of the L-shell elec-
trons in Ga and As was replaced in a good approximation
by that in Ge, obtained from numerical tables for atomic
wave functions given by Fischer.?’

Figure 6 shows the calculated encounter probabilities,
normalized to those for the surface layer, for 60-MeV O
ions incident in the (110) and (100) axial directions of
GaAs. As seen in Fig. 6, the encounter probabilities for
all electrons decrease gradually with increasing depth be-
cause of the weak shadowing effect for the outer-shell
electrons of the atoms. Consequently, it is difficult to
identify a fully shadowed region where the close-
encounter recoils become negligibly small. For L-shell
electrons, however, the region below a depth of about 200
A can be regarded as fully shadowed. For a depth
beyond 200 A, the second approach of the ions to the
atomic rows causes only a negligible increase of the en-
counter probability for L-shell electrons. By integrating
the calculated probability from the surface to the depth
of 200 A, the effective target thickness for localized
close-encounter recoils with L-shell electrons is obtained:
52 and 63 A for {(110) and (100 ), respectively.

In Fig. 4, the electron yields above the binary-peak en-
ergy (8.2 keV) result from scattered inner-shell electrons
only, for which the effective target thickness is known.
By using the value of 63 A for the (100) case, we can
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determine the thickness of the damaged layer by assum-
ing that this layer is amorphous. Since the K-shells for
GaAs have high binding energies (about 10 keV), they are
hardly ionized by the ions used here and the measured
electron yields result predominantly from scattered L-
shell electrons. In our experimental conditions, dechan-
neling caused by the damaged layer is negligibly small so
that the effective target thickness for the damaged GaAs
is the sum of the thickness of the damaged layer and the
effective target thickness for undamaged GaAs. In fact,
this has been confirmed by the simulation results, shown
in Fig. 7, for the encounter probabilities for amorphous
overlayers of 56.5 and 113 A thick (10 and 20 times the
(100) interatomic distance, respectively). Since the aver-
age (100) yield for the damaged GaAs between 8.2 and
10 keV is increased by 57%, the thickness of the dam-
aged layer is calculated to be 0.57X63=36 A. The un-
certainty in the value is about *4 A. Considering the
crudeness of our model, the calculated thickness seems
reasonable: only 149% smaller than the thickness of 42 A
estimated in Sec. III B.

The relative increase in spectrum yield caused by the
36-A thick amorphous layer can be used to determine the
effective target thickness for channeling incidence at all
energies, also below Ep where the partially shadowed
outer-shell electrons contribute to the spectrum yield too.
Since the (100) electron yield at 5 keV is enhanced by
27% by the 36-A thick damaged layer, the effective tar-
get thickness at 5 keV for (100) incidence on the non-
damaged GaAs crystal is calculated to be 36/0.27=133

KUDO, SHIMA, MASUDA, AND SEKI
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A. It is worthwhile to note that at a depth of 307 A the
integrated probability for all electrons amounts to 133 A.
Thus, although recoils are also produced deeper than 307
A below the surface, they hardly contribute to the detect-
ed yield.

D. Effective target thickness for random incidence

For random incidence conditions, the close-encounter
collisions of ions with target electrons occur over almost
the whole range of the ions in the crystal. Most of the
electrons are recoiled in a forward direction and back-
scattering is necessary before escape to the vacuum is
possible. Nevertheless, the deeper the electrons are
recoiled, the larger is, on the average, the energy loss be-
fore escape. If the depth of recoil is too large, the elec-
trons will lose so much energy that their number is negli-
gible compared to the much larger number of electrons
detected with the same energy but recoiled closer to the
surface with lower initial energy. Therefore, although
electrons are recoiled in a very wide region of the solid,
only a finite layer near the surface contributes to the
spectrum yield. Consequently, for each energy an
effective target thickness, t,, for random incidence can be
defined: ¢, is the thickness of a target resulting in the
same spectrum yield, for the hypothetical case that the
electrons do not suffer any energy loss.

The value of ¢, can be calculated by using the effective
target thickness for channeling incidence. At 9 keV
(above the binary-peak energy) ¢, for GaAs is calculated
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FIG. 7. Calculated encounter probabilities for L-shell electrons in GaAs for {(100) incidence of 60-MeV O ions, assuming 56.5-
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of the first 10 or 20 atoms in the (110) row were randomly distributed within the {100) channel. The result for no amorphous layer
is also shown for comparison.
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to be 63 A (from simulations) divided by the ratio of the
(110) channeling to random yield for undamaged GaAs:
t,=63/0.14=450 A. Below the binary-peak energy, the
effectlve target thickness for channeling cannot be calcu-
lated using simulations (Sec. III C), since outer-shell elec-
trons, which are not fully shadowed, contribute to the
electron yield as well. The experimental effective target
thickness at 5 keV for channeling is 133 A. The value is
obtained via the spectrum of the damaged crystal, as
shown in Sec. IIIC. Since for undamaged GaAs the ra-
tio of the (100) to random electron yield at 5 keV is
0.46, see Fig. 4, 1, at 5 keV is obtained as 133/0.46=290
A. This value is in good agreement with the maximum
depth of 307 A contributing to the electron yield at 5 keV
that follows from the analysis of the channeling spec-
trum, see Sec. III C.

IV. CONCLUDING REMARKS

The observed Z3-scaling behavior of keV electron
yields for equal-velocity ions of various species in the
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MeV/amu range confirms the simple binary collision
character of the interaction of the ions with target elec-
trons.

The observed increase in the electron yield after
damaging a surface region of a GaAs crystal supports the
concept of an effective target thickness for channeling in-
cidences. Such a concept simplifies the analysis of experi-
mental data of the shadowing effect on secondary elec-
tron emission, as will be demonstrated elsewhere.?!
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