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Kinetic Electron Excitation in Atomic Collision Cascades
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The kinetic excitation of electrons upon bombardment of a solid surface with energetic ions is
investigated. Using a metal-insulator-metal junction, hot electrons produced by the projectile impact
are detected with excitation energies well below the vacuum level. The results provide information that
cannot be accessed by electron emission experiments. The observed tunneling current depends on the
projectile energy and the bias voltage across the junction, opening the possibility of internal excitation

spectroscopy.
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If a solid surface is bombarded with energetic particles,
the kinetic energy imposed by the projectile is dissipated
within the solid by means of elastic collisions (“nuclear
stopping”’) and electronic excitation processes (‘‘elec-
tronic stopping”’). For impact energies in the keV range,
it is well known that nuclear stopping largely dominates
the energy loss experienced by the projectile, thus gen-
erating a cascade of atomic subsurface collisions which
can ultimately lead to the emission of surface atoms into
the gas phase (“‘sputtering’’). Part of the kinetic energy,
however, is converted into electronic excitation which
manifests, for instance, as the presence of hot electrons
in excited states above the Fermi level. If the excitation
energy exceeds the work function of the substrate, these
electrons can be released into the vacuum, leading to the
well-known phenomenon of (kinetic) ion induced elec-
tron emission which has been vastly investigated and
reviewed several times in the literature [1-4]. In semi-
conductors and insulators, a similar effect occurs if the
excitation energy exceeds the band gap, thus giving rise to
conduction band electrons which can then be detected as
an internal current.

A major shortcoming of the existing data on ion in-
duced external or internal electron emission is the fact
that only those electrons are detected which receive
enough energy to overcome a minimum excitation energy
of the order of several eV. On the other hand, direct energy
transfer by binary projectile-electron collisions, as one of
the two prevailing mechanisms of kinetic excitation [4],
is expected to produce predominantly low energy excita-
tions. Electron promotion in close collisions between two
atoms, as the second possible excitation mechanism [4],
may in principle also populate higher lying states, which
will, however, quickly relax due to extremely fast
electron-electron interaction processes. In a metallic tar-
get, both mechanisms will therefore lead to occupation
probability distributions peaking at energies close to the
Fermi level, a fact which has recently been confirmed by
elegant energy loss experiments on fast neutral atoms
grazingly scattered from a metal surface [5]. On the basis
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of presently available experimental data, information on
these distributions is restricted to their tails extending
above the vacuum level. In order to gain more insight into
the excitation and transport mechanisms at lower ener-
gies, it is necessary to obtain direct experimental infor-
mation on hot internal electrons in excited states located
between the Fermi and the vacuum levels. To the best of
our knowledge, experimental data of that kind are still
completely lacking. In the present work, we utilize an
internal tunnel junction for the detection of such hot
electrons that are produced in the vicinity of an ion
bombarded metal surface. More precisely, the target is
represented by a thin metallic film which forms one side
of a metal-insulator-metal (MIM) system. Excited elec-
trons generated at the surface travel to the metal-oxide
interface, tunnel through the thin oxide layer, and are
detected as an ion bombardment induced tunneling cur-
rent in the underlying metal substrate. In order to allow
elastic transport between the excitation region and the
tunnel junction, the target film thickness must be compa-
rable to the elastic mean free path for electron-electron
scattering. On the other hand, the film must be thick
enough to prevent significant penetration of projectiles
into the underlying oxide layer. A reasonable compromise
between these contradicting requirements is found for a
film thickness of 20 nm where the penetration probability
is calculated [6] to be low (around 1073) and elastic
transport is ensured for excitation energies up to about
1 eV above the Fermi level (see below).

The experiments were carried out in an ultrahigh
vacuum system with a base pressure of about
10~° mbar. The primary ions are generated by a commer-
cial rare gas ion source delivering a focused and pulsed
ion beam with energies between 5 and 15 keV. The sample
is a MIM structure produced by evaporating a thin Al
electrode of 20 nm thickness onto an insulating glass
substrate. In an electrochemical treatment described in
detail elsewhere [7], the Al is locally oxidized to form an
Al,O5 overlayer of about 2.5 nm thickness. In a third step,
a polycrystalline silver layer of 20 nm thickness is vapor
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deposited on top of the oxide layer. The two metal elec-
trodes are both 2 mm wide and orientated at 90° with
respect to each other (cf. Fig. 1), forming the tunnel
junction in the overlap area of 2 X 2 mm?. The electrical
properties of the junctions produced that way have been
carefully characterized previously [7] and were fre-
quently checked during the experiments in order to en-
sure that, in particular, the oxide layer was not modified
due to the ion bombardment.

In a first set of experiments characterizing the electri-
cal response of the system to the ion bombardment, the
sample was exposed to a focused and pulsed 10 keV Ar*
ion beam with a spot size of about 100 wm diameter and a
current of 190 nA. The primary ion pulse length was 1-
10 ms at a repetition rate of 5 Hz. In order to establish
well defined surface conditions, the sample was sputter
cleaned using a total ion fluence of about 10'* cm™2
which ensured that surface adsorbates were removed
and no further changes of the measured currents were
detected with increasing ion fluence. From the known
primary ion current density and background pressure,
the remaining surface contamination can be estimated
to be in the ppm range. No bias voltage was applied
between both electrodes of the MIM system to eliminate
any dc current across the junction. The ion beam was
aimed at different lateral positions across the layer stack,
thus allowing one to bombard the top Ag electrode and
the bottom Al electrode separately at positions within
and outside the tunneling junction area.

The time dependence of the resulting currents mea-
sured on the Al electrode is shown in Fig. 1. First, it is
seen that the current transients induced by the projectile
ion pulses are clearly discernible. The polarity of the
displayed current was chosen such that electrons entering
the bottom Al electrode lead to positive values. In
Fig. 1(a), the impact point of the beam is located on the
Ag electrode at the center of the MIM junction. The

a) b)
60 , | 60
40 40
20 | | ) 20
< —— | : |
£ 0 T P " Y SO o Tt e 0
g d
: ) -
3
© 50
-100
-150
0 gy QL I -200
0 200 400 600 800 0 200 400 600 800
time (ms)
FIG. 1. Current measured through the substrate Al electrode

of the MIM junction under ion bombardment. The focused ion
beam was aimed at different impact points indicated in the
inset.
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positive current pulses observed in this geometry demon-
strate that electrons are flowing from the top Ag electrode
to the bottom Al electrode, thus indicating a tunneling
current of 55 nA across the oxide barrier during the time
the ion beam is switched on. When the beam is moved
along the Ag electrode to the edge of the MIM junction,
the current decreases as displayed in Fig. 1(b), since in
this geometry only part of the spot illuminated by the
Ar* ion beam is located within the junction area. The
remaining part of the beam hits the pure Ag film on the
glass substrate and therefore does not produce any ob-
servable current in the Al electrode. In Fig. 1(c), the spot
of the Ar" ion beam is still located on the Ag film but
completely outside the tunnel junction area, and, hence,
no current can be observed. This finding provides clear
evidence that the measured signals in Figs. 1(a) and 1(b)
are not induced by simple charging effects of the MIM
junction capacitance, since such currents would have to
appear in the same way for any impact point of the Ar*
beam on the Ag electrode. In Fig. 1(d) the impact point is
located on the Al electrode, far away from the center of
the tunnel junction. It is seen that in this case both the sign
and the magnitude of the measured current changes as
compared to Fig. 1(a). Both findings are expected since
now the ion beam hits the bare Al surface and thereby the
measured current simply constitutes the beam current.
The tunneling current depicted in Fig. 1(a) is inter-
preted in terms of projectile ion induced electron excita-
tion at or slightly below the Ag surface. In principle, the
source of such excitation can be twofold: First, potential
energy carried by the primary ion can be transferred to
conduction band electrons, leading to the well-known
phenomenon of potential electron emission [8,9]. For
the case of singly charged ions, such an excitation process
depends only very weakly on the kinetic impact energy of
the projectile. Second, kinetic excitation mechanisms as
discussed above may lead to direct transfer of kinetic
energy to the electronic system. It is clear that these
processes must strongly depend on the impact energy of
the projectile. In order to differentiate between both
excitation mechanisms, Fig. 2 shows the measured tun-
neling current as a function of the projectile energy. The
data have been normalized to the projectile ion current
which is given by the measured ion induced total sample
current minus the contribution of emitted electrons, the
latter being calculated from secondary electron yield
values taken from the literature [10]. Again, no bias
voltage was applied across the tunnel junction, thus al-
lowing electrons of all excitation states above the Fermi
level to contribute to the tunneling current. The results
reveal a characteristic which is very similar to that ob-
served in electron emission experiments: At high ener-
gies, the signal exhibits a monotonic increase with
increasing impact energy, indicating that in this energy
range kinetic excitation mechanisms dominate the pro-
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FIG. 2. Tunneling current across the MIM junction as a
function of the kinetic energy of the Art projectile ions
impinging onto the Ag surface. The data have been normalized
to the projectile ion current and therefore represent the tunnel-
ing yield.

duction of hot electrons. At low energies, the signal
becomes independent of the impact energy. Note that
the kinetic excitation observed in this region may in
principle be superimposed by effects induced by the
potential (ionization) energy introduced by the impinging
projectiles.

A few words are in order discussing the absolute mag-
nitude of the observed tunneling current. From model
calculations describing the electronic excitation in colli-
sion cascades, we expect a projectile impact to generate a
transient excited electron energy distribution with a life-
time of the order of f,. ~ 10712, the properties of
which can be coarsely described by an electron tempera-
ture of the order of 1500 K [11-13]. The excited electrons
are originally produced in a shallow subsurface layer and
must travel towards the tunnel junction located at a depth
of about 20 nm. The mean free path for electron-electron
interaction can be estimated from Fermi liquid theory as
[14,15]

Ao = d
“ " a(E— Ep)? + b(kT, 7’

ey

where E is the electron energy and v and Ej denote the
Fermi velocity and energy, respectively. For silver, the
constants a and b are evaluated as 0.066 fs~!eV 2 [15]
and 1.34 fs~1eV~2[16,17]. At an electron temperature of
1500 K, this allows elastic transport for excitation ener-
gies up to approximately 1 eV above the Fermi level. The
population of higher states appear depleted at the silver/
oxide interface, thus leading to a modified excitation
energy distribution characterized by a lower effective
electron temperature. Using a mean barrier height Ejp,
the transmission of the tunnel junction can be estimated
as
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2m,
P = eXp<_2\/m doxide>’ (2)

where E | denotes the energy associated with the velocity
component perpendicular to the tunnel junction. The
contribution of excitation states with £ to the measured
tunneling current is given by multiplying (2) with the
current density across an arbitrary plane in a degenerate
electron gas at temperature 7,, which is calculated from
the Fermi-Dirac distribution f(E) as [18]

. _ _oon, [£, f(E)dE  ]E,
Je(E1) =n(E v, = IVEL [5 JEf(E)dE o
3)

Here, n, denotes the overall electron density in the Ag
target. For kT, < Er the normalization integral in the

denominator can be approximated as 2/ 3E;/ % The total
tunneling current density is therefore described by

j, = (8me)‘1/2ne(%E13¢/2)_1ﬁ) {P;(El)

x [ f(E) dE} dE,. @)

E,

It is evident that the MIM junction represents an extreme
high pass filter which allows only states around or above
the barrier top to significantly contribute to the measured
signal. The integrand in curly brackets in (4) therefore
peaks sharply around the barrier height Ez with a width
of approximately AE = 0.2 eV [19]. In this energy inter-
val, the tunneling probability p, approaches unity and the
double integral in (4) can be roughly approximated by
J(Ep)(KT,)AE.

The current density calculated from (4) refers to a
steady state situation where the Ag side of the tunnel
junction is at 7, and the Al side is at room temperature.
In order to calculate the tunneling yield, i.e., the number
of detected electrons per projectile impact, we need to
acknowledge the limited lifetime and spatial extension of
the collision cascade heating the electron gas. The situ-
ation described by (4) therefore exists only during the
cascade lifetime 7., and within the area A, after a
projectile impact. Hence, the tunneling yield is given by

Yt = jttcascAcasc
~ NoleaseAcase(8m,) T V2CEY?) T f(Ep) (ks T,)AE. (5)

The magnitude of y, can be compared with the measured
data of Fig. 2. With n, = 5.9 X 10?2 cm ™3, Ez = 5.5 eV,
tese = 107125, and A, = (4 nm)? [20], Eq. (5) yields
¥: = 103f(Eg), which in connection with 7y, ~ 0.1 and
T, ~ 1500 K results in an effective barrier height of Ep ~
1.2 eV. This value coincides with the barrier heights
determined from room temperature ballistic electron
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FIG. 3. Projectile induced tunneling current as a function of

the bias voltage across the MIM junction. The polarity is
selected such as to generate a variable high pass filter which
allows only electrons with excitation energies above eVy;,, to
contribute to the measured current.

emission microscopy studies of ultrathin Al oxide tunnel
junctions [21,22] and therefore seems reasonable.

So far, all measurements have been performed with
zero voltage across the tunnel junction. By applying a
negative bias potential to the Al substrate electrode, it is
in principle possible to generate an energy dispersive
element permitting energy spectroscopy of the excited
electrons. As an example, Fig. 3 shows the ion induced
part of the measured tunneling current as a function of
the bias voltage. The polarity was chosen such as to
exclude electrons with excitation energies smaller than
eVyias above the Fermi level from contributing to the
measured signal. At first sight, the observed signal de-
crease with increasing Vi;,, appears to be qualitatively
expected from the increasing energy discrimination.
Because of the high pass filter characteristics of the
tunnel junction, however, a quantitative interpretation of
the spectrum is highly non trivial. Since the tunneling
probability strongly increases with increasing excitation
energy, the measured tunneling current is dominated by
electrons in states close to the barrier top, and the con-
tribution of those states that are nominally discriminated
by Vi 1S always negligible. As a consequence, the mea-
sured bias voltage dependence is essentially determined
by subtle changes in the shape of the tunneling barrier. A
detailed interpretation of the measured spectrum—in-
volving a fitting procedure of various parameters such as
the effective barrier height and asymmetry as well as an
effective temperature of the excited electron gas to the
bias voltage dependence and absolute magnitude of the
measured tunneling current—is outside the scope of this
Letter and will be the subject of a forthcoming
publication.
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In conclusion, we have demonstrated a detection
scheme for hot internal electrons excited at a solid surface
under bombardment with energetic ions. This is the first
experiment exploring the range of low excitation energies
which do not lead to electron emission into the vacuum.
The results provide new data which complement the large
body of experimental data on ion induced electron emis-
sion at solid surfaces. Future experiments will include an
investigation of the transport by varying the Ag film
thickness. Moreover, potential energy effects will be
eliminated by neutralizing the primary ion beam.
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