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a b s t r a c t

The kinetic excitation of a solid surface under bombardment with energetic particles is studied via inter-
nal electron emission in a metal–insulator–metal junction. In particular, the dependence of the measured
tunneling yield on the projectile impact angle is studied. The resulting impact angle distribution is com-
pared with predictions of the total excitation energy profile calculated using the SRIM 2006 Monte Carlo
program package. While the calculated profiles fail to explain the experimental data, it is shown that a
simple calculation of impact angle dependent projectile backscattering qualitatively reproduces the
observed trends.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

When an energetic particle impinges on a surface, its kinetic en-
ergy is dissipated via elastic collisions with target atoms (nuclear
stopping) and via electronic excitation processes (electronic
stopping). Nuclear stopping generates fast, non-thermal particle
kinetics which are usually described by a collision cascade or a col-
lisional spike and may lead to the ejection of surface material
(‘‘sputtering”). Electronic stopping, on the other hand, gives rise
to a fast local and temporal heating of the electronic sub-system
of the solid, which is mediated by an electronic friction experi-
enced by all moving particles and, in addition, by electron promo-
tion processes occurring in close atomic collisions. The resulting
‘‘kinetic” excitation manifests, for instance, in the ‘‘external” emis-
sion of electrons from the bombarded surface [1] and is also
responsible for the fact that part of the sputtered atoms leave the
surface in excited or ionized states [2,3].

Theoretical estimates [4] predict the kinetic excitation process
to be dominated by low-energy excitations, where the generated
‘‘hot” electrons do not have enough energy to overcome the surface
barrier and be emitted into the vacuum. Detection of such carriers
is, however, possible by means of a buried tunnel junction, where
they can lead to ‘‘internal” emission currents [5]. This strategy is

applied here to detect hot electrons and holes produced by the im-
pact of 10 keV Ar+ ions onto a metallic surface. As a complement to
our earlier work [6–8] investigating the dependence of the bom-
bardment induced internal emission yield on parameters like
kinetic energy or charge state of the projectiles, particular
emphasis is put here on the influence of the impact angle, since
it is expected that this dependence reveals valuable information
about the depth distribution of the generated excitation.

2. Experiment

The buried tunnel junction is realized in form of a metal–insu-
lator–metal (MIM) film structure. The top metal electrode of this
device (polycrystalline silver) represents the actual target material,
the surface which is bombarded by the energetic primary ion
beam. Electrons and holes excited in the selvage of the surface
via kinetic processes following the projectile impact can migrate
to the metal–oxide interface, overcome the tunnel barrier repre-
sented by the oxide film (�3 nm amorphous AlOx) and be detected
as an internal emission current in the underlying metal substrate
electrode (polycrystalline aluminum). Projectile ions are generated
by a commercial ion source delivering a beam of positively charged
argon ions with energies reaching from 5 to 15 keV, which was
operated in a pulsed mode in order to clearly discern bombard-
ment induced effects and keep the total ion fluence low. The bom-
bardment induced internal emission current was measured and
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divided by the primary ion current in order to determine the inter-
nal emission yield as a function of the projectile impact angle. The
primary ion current was measured using a faraday cup with a
diameter of about 1 mm to minimize effects of electron emission.

The design and production of the MIM devices as well as the
procedures to measure the tunneling current have been described
in great detail earlier [5,8]. Briefly, the substrate (Al) and top (Ag)
metal electrodes are formed as 5 mm wide stripes which are ori-
ented perpendicular to each other, thus limiting the electrically ac-
tive junction to the overlap area of 5 � 5 mm2. The relatively large
active area was chosen to adapt the variation of the irradiated spot
upon changing the ion impact angle to oblique incidence. The
diameter of the beamspot was about 100 lm. To ensure that pro-
jectiles strike the active area the signal was optimized by varying
the beam position until a stable signal was observable. Both elec-
trodes are separated by an amorphous AlOx layer of about 3 nm
thickness. The thickness of the on top Ag layer is a crucial param-
eter in this type of experiments. On one hand, it must be chosen
larger than the mean range of the projectile ions (610 nm depend-
ing on impact angle [9]) in order to prevent projectile induced
damage of the oxide film. On the other hand, it must be compara-
ble with (or smaller than) the effective electron mean free path (9–
15 nm [8]) to prevent significant loss of the generated hot charge
carriers during their passage towards the junction. A nominal
thickness of 20 nm was therefore chosen as a good compromise be-
tween these contradicting requirements. The surface roughness of
the resulting Ag layer is typically about 4 nm. Moreover, the I–V-
characteristics of the MIM devices were recorded frequently be-
fore, during and after the measurements in order to ensure that
the electrochemical properties of the junction did not change dur-
ing the experiments. All experiments were performed at zero bias
voltage between two metal electrodes.

3. Results and discussion

Changing the angle of incidence results in a modification of the
depth distribution of energy deposited in the collision dynamics
induced by the projectile impact. As a consequence, the kinetic
excitation dynamics will change as well, and hot charge carriers
are created at different depths below the surface. In a MIM experi-
ment, this is important since the hot carriers need to be transported
to the junction depth in order to contribute to the internal emission
current. Measuring the tunneling yield as a function of projectile
impact angle therefore reveals important information about both
the depth distribution of the excitation processes and the transport
properties of the top metal film. In order to unravel both effects, the
excitation distribution is modeled by Monte Carlo simulation using
the SRIM 2006 software package [10].

The dependence of the measured tunneling yield on the impact
angle of the Ar+ projectile ions is shown in Fig. 1. The data were ac-
quired for a MIM device with a top Ag layer of 20 nm thickness
bombarded with Ar+ ions of two different impact energies of 5
and 7 keV and averaged over a number of different experimental
runs, with the indicated error bars representing the typical stan-
dard deviation. One observation is immediately evident: The ob-
served impact angle dependence does not seem to critically
depend on the kinetic impact energy of the projectiles, indicating
that the effect is generated by geometrical effects rather than dif-
ferences in penetration depth of the projectiles. In fact, for impact
angles up to 40� with respect to the surface normal, the tunneling
yield is essentially independent of the impact geometry. This find-
ing is remarkable, since the penetration depth decreases by about
30% in this interval. Under more oblique incidence conditions, on
the other hand, the tunneling yield starts to strongly decrease with
increasing impact angle.

In principle changing the impact angle might change the depth
distribution of excitation energy generated by the projectile im-
pact. If hot electrons are created closer to the surface, they must
travel a longer distance to reach the buried junction, thus resulting
in an increased probability of losing part of their energy via inelas-
tic scattering. The latter, in turn, will lead to a reduced probability
to overcome the tunneling barrier. Therefore, grazing incidence
might produce a shallower excitation distribution, thus leading
to the observed decrease of the tunneling yield. Note, however,
that this effect can only play a dominating role if the average exci-
tation depth is comparable with (or larger than) the (effective)
electron mean free path.

On the other hand, projectiles will be backscattered from the
surface with larger probability if the impact angle is increased.
As a consequence, more kinetic energy might be taken away by
backscattered projectiles, and the total amount of excitation en-
ergy deposited into the solid might decrease upon the transition
from normal to oblique incidence, again qualitatively explaining
the trend observed in Fig. 1.

In order to qualitatively discuss these possibilities, we employ a
simple statistical estimate of the inelastic energy loss experienced
by the projectile and all moving recoil atoms in the course of the
collision cascade initiated by the projectile impact. Calculating
the total energy transferred into the electronic system using the
statistical Monte Carlo code SRIM 2006, we find depth distribu-
tions of the deposited ‘‘ionization” energy which are depicted in
Fig. 2. It is obvious that these distributions change with impact
geometry in such a way that the excitation energy is deposited clo-
ser to the surface under oblique incidence conditions. While this is
strongly evident in the excitation induced by the projectile, the ef-
fect becomes much less pronounced for the distribution induced
by the recoil atoms. Integrating the distributions over depth, we
find total excitation energies depicted in Fig. 3. The data were nor-
malized to the projectile impact energy and therefore denote that
fraction of the original kinetic energy which is converted into elec-
tronic excitation in the course of the entire collision cascade. Two
observations are evident. First, the major part of the deposited
excitation energy appears to be generated by recoils rather than
by the projectile itself. In that respect, the depth distribution vari-
ations observed in Fig. 2 might not have as dramatic consequences
as it appears at first sight. Second, the total deposited excitation
energy exhibits a qualitatively similar trend as the measured tun-
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Fig. 1. Impact angle dependence of measured tunneling yield of an Ag|AlOx|Al MIM
device with a 20 nm top Ag film thickness bombarded with Ar+ of the indicated
impact energy. The data were averaged over several measurement cycles with the
error bars indicating the standard deviation.
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