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We present a model to describe the kinetic internal and external electron emission from an ion bom-
barded metal target. The model is based upon a molecular dynamics treatment of the nuclear degree
of freedom, the electronic system is assumed as a quasi-free electron gas characterized by its Fermi
energy, electron temperature and a characteristic attenuation length.

In a series of previous works we have employed this model, which includes the local kinetic excitation
as well as the rapid spread of the generated excitation energy, in order to calculate internal and external
electron emission yields within the framework of a Richardson–Dushman-like thermionic emission
model. However, this kind of treatment turned out to fail in the realistic prediction of experimentally
measured internal electron yields mainly due to the restriction of the treatment of electronic transport
to a diffusive manner. Here, we propose a slightly modified approach additionally incorporating the con-
tribution of hot electrons which are generated in the bulk material and undergo ballistic transport
towards the emitting interface.

� 2015 Published by Elsevier B.V.
1. Introduction

The bombardment of solid metal surfaces with keV ions leads to
the emission of particles from the surface [1,2]. It is well known
that the nuclear particle kinetics triggered by the projectile impact
are accompanied by kinetically induced electronic excitations
which manifest in the emission of free electrons (KEE) [3–14].
Recently, excitations below the vacuum level have also been
observed in form of an internal electron current across a buried
tunneling barrier in ion bombarded metal-insulator-metal (MIM)
junctions [15,16]. An experimental observable in this context is
the electron emission yield c, defined as the number of emitted
electrons per impinging projectile atoms. In the following, the
yields of electrons emitted into the vacuum or transmitted across
the tunneling barrier will be referred to as ‘‘external’’ (cext) and
‘‘internal’’ (cint) yields, respectively. Both quantities have been
shown to vary as a function of the polar angle of incidence of the
projectile in a characteristic fashion, with cext increasing and cint

decreasing under increasingly oblique incidence [17,18].
We have recently developed a hot spot model describing the

external electron yield in terms of thermionic emission from a
locally heated surface. The model treats the electronic system as
a quasi-free electron gas which is excited by electronic stopping
of all moving particles in the collision cascade. Transport of
excitation away from the point of its generation is treated in terms
of a diffusive approach, and the resulting excitation energy density
profile is parametrized in terms of a locally and temporarily ele-
vated electron temperature. The emission yield is then calculated
by means of a modified Richardson–Dushman equation [19]. While
this model reproduces measured external yields quite well, it fails
to explain the observed internal yields by orders of magnitude
[20]. Analysis shows that this is due to the strongly inhomogenous
excitation profile, which exhibits a significantly reduced electron
temperature at the tunneling barrier located at a depth of several
nm below the surface. In this work, we present a modification of
the Richardson–Dushman model in order to include the contribu-
tion of hot electrons generated in the bulk volume of the bom-
barded material to the observed emission yield. In particular, one
might expect that electrons produced in the hot near-surface
region may be ballistically transported towards the buried inter-
face and contribute to the observed internal emission yield. We
will show that such a hybrid model is capable of describing both
internal and external yields quite well, but still generates problems
regarding the predicted projectile impact angle dependence. In this
context, the possible role of anisotropic effects on the excitation
and transport processes is discussed.
2. Methods

For the model system of a keV projectile impinging onto a silver
surface, we use classical molecular dynamics (MD) to follow the
motion of the target atoms and the projectile [21,22]. Briefly, the
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coupled Newtonian equations of motion are integrated numeri-
cally employing a MD/MC-CEM many body potential to describe
the interaction among the atoms [23]. Kinetic excitation is incorpo-
rated into the model via an electronic friction term entering the
equations of motion. Thus, each particle moving with a kinetic
energy Ekin constitutes a time- and space-dependent source of exci-
tation energy, thereby feeding an energy

dE ¼ A � Ekin � dt

into the electronic system, where the constant A is taken from the
Lindhard–Scharff theory [24]. In addition to the electronic friction
mechanism, hot electrons may be generated in violent collisions
among two atoms [25] via the promotion of inner shell states to
energies above the Fermi level. For a more detailed description,
the reader is referred to [26].

Depending on the nature of the solid, the excitation energy gen-
erated this way will rapidly spread away from the point of its gen-
eration. This transport is treated as a heat conduction process via a
formal diffusion equation

@E ~r; tð Þ
@t

� DDE ~r; tð Þ ¼ dS ~r; tð Þ
dt

; ð1Þ

where S ~r; tð Þ comprises the excitation source terms and D denotes a
diffusivity coefficient which for the present case of an amorphous
crystal was chosen as D ¼ 1 cm2=s [27].

Eq. (1) is numerically solved on a sub-fs timescale using
pseudo-infinite boundary conditions as described in detail else-
where [28]. The resulting excitation energy density is converted
into an electron temperature profile Teð~r; tÞ, which can then be
used as input for the thermionic electron emission model.

The scheme underlying the calculation of electron yields is
depicted in Fig. 1: Following the standard procedure described by
Baragiola et al. [8], we calculate the electron emission arising from
a heated layer of thickness Dz located at depth zi below the surface
in the framework of the Richardson–Dushman approach using the
corresponding Te ~r; tð Þ as [19]

cRD ¼
1
e

Z 1

0

Z
A

jRD ~r; tð ÞdAdt; ð2Þ

with

jRD ~r; tð Þ ¼ em

2p2�h3 kBTe ~r; tð Þð Þ2 �
X1
n¼1

�1ð Þn�1 1
n2 e�nU=kBTe ~r;tð Þ; ð3Þ
Fig. 1. Schematic view of kinetic electron emission from an ion bombarded metal-
insulator-metal target. Kinetic excitation leads to an elevated electron temperature
Te z; hð Þ in the highlighted layer zi (red). Hot electrons emitted from this heated layer
are ballistically transported towards the surface and the buried oxide interface
(green arrows), where they contribute to the total external and internal electron
emission yield, respectively. For the case of an anisotropic excitation profile, the
travel path can be prolonged as indicated by the dashed green line labeled ‘‘B’’. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
where the integration is performed over all volume elements (here:
cells of 3 Å � 3 Å � 3 Å) belonging to this specific layer. In order to
contribute to the (external or internal) emission yield, the hot elec-
trons liberated this way must travel to the surface or the buried
interface, respectively, in a ballistic fashion. The probability for this
ballistic transport is described by an effective attenuation length k.
In order to calculate the total emission yield, we therefore weigh
the contribution of each layer by an exponential attenuation factor
and calculate the resulting total external and internal emission
yield as

cext
hybrid ¼

X
i

cRD � exp � zi

k

� �
: ð4Þ

and

cint
hybrid ¼

X
i

cRD � exp �d� zi

k

� �
: ð5Þ

The empirical parameter k can in principle be determined from
experimental data. For silver bombarded with Ar+ ions, the mea-
sured exponential dependence of the internal yield on the thick-
ness d of the top metal film indicates an effective attenuation
length of about 10 nm [29], which was used in the present calcula-
tions. It should be noted that a fundamental assumption underly-
ing Eqs. (4) and (5) is that the excitation is isotropic with respect
to the direction of motion of the hot electrons. As indicated below,
we have reason to believe that this assumption might be too crude,
since each moving particle must also transfer momentum to the
electronic system. Since the entire dynamics are triggered by the
impinging projectile, the k-distribution of the kinetically generated
hot electrons must to some extent be anisotropic and carry a mem-
ory of the original direction of the projectile motion. In principle,
the largest energy transfer in direct atom-electron collisions
underlying the electronic friction picture occurs along the direction
of motion of the moving atom. Therefore, one might expect a pre-
ferred excitation along the original direction of motion of the
impinging projectile. As a consequence, the effective ballistic trans-
port length might be altered as a function of the projectile impact
angle as indicated in Fig. 1. In order to obtain a rough estimate of
the possible influence of such an effect, one can assume that all
excited electrons are moving exclusively in that direction, leading
to an effective path length of d� zið Þ=cos hð Þ for the internal yield
contribution generated by a projectile impinging under an angle
h with respect to the surface normal.

It should be noted that the model described above constitutes a
hybrid approach regarding the transport of excitation within the
solid. On one hand, the excitation profile generated by the particle
kinetics is calculated via a diffusive (heat conduction) approach,
which assumes electron–electron interaction with a rather short
mean free path. Along with the assumption of a quasi-thermal
excitation energy distribution, we assume this to be valid for the
low energy excitations which carry the vast majority of the total
excitation energy. The emission yield, on the other hand, is based
on the few hot electrons which carry excitation energies above
the respective emission thresholds. In line with nearly all existing
models describing KEE, Photoelectron or Auger electron emission
from a solid surface [8], we assume that these electrons undergo
ballistic transport with effective attenuation lengths of the same
order as used here.

3. Results

Basis of our calculations is an amorphous silver crystal of
75 Å � 75 Å � 75 Å bombarded with 5-keV Ag atoms under varying
polar angle of incidence. By choosing an amorphous target, we
avoid the influence of the azimuthal angle of incidence for
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non-perpendicular impact of the projectile. To ensure sufficient
statistics, a set of 169 impact points is placed equidistantly within
a 7 Å � 7 Å square on top of the crystal surface. The chosen size of
the model crystal constitutes a reasonable compromise which
allows comparison with experimental data at adequate computa-
tional time.

Using Eqs. (2), (4) and (5), we calculated the electron emission
yields for the Richardson–Dushman and the hybrid model, with
UB ¼ 3:9 eV [29] for the internal and UW ¼ 4:74 eV [30] for the
external emission yield, respectively. The results are displayed in
Fig. 2 as blue (Richardson–Dushman) and red (hybrid model) sym-
bols. For comparison, measurements obtained for 5-keV Ar+ bom-
bardment of an Ag AlOxj jAl MIM system with a top layer thickness
dAg ¼ 40 nm are shown in Fig. 2 as black points (data taken from
[31,32]).

The external electron emission yield calculated using the pure
Richardson–Dushman approach (blue solid rhombs) increases
from 0.3 for normal incidence to 1.9 for h ¼ 80�. A similar trend
is observed for the experimental data (black solid squares), which
increase from 0.2 (normal incidence) to 1.2 (h ¼ 80�). This impact
angle dependence of the external electron emission yield is well
known in the literature [18], where a 1= cos hð Þ-dependence has
been established.

The internal electron emission shows a rather different behav-
ior: concentrating on normal incidence, the huge discrepancy of
approximately seven orders of magnitude between the calculated
internal electron emission yield (6 � 10�8, blue hollow rhombs)
and the corresponding experimental data (0.16, black hollow
squares) as well as the calculated external yield is obvious.
Although the experimental data were taken for slightly different
bombarding conditions, a difference of more than two orders of
magnitude to the calculated value is surprisingly high. In principle,
another reason for the deviating results may be the different silver
layer thickness. While for the simulations a model crystal of 75 Å is
used, the experiments were performed for a top layer thickness of
400 Å. From the work of Meyer et al. [29] it is known that a
decrease of layer thickness leads to an exponential increase of
the resulting internal electron emission yields. Therefore the calcu-
lated yields should be expected to be above instead of several
orders of magnitude below the measured ones. A possible
explanation for this unexpected behavior could be the different
Fig. 2. Electron emission yields as a function of the impact angle, calculated via
Richardson–Dushman (blue rhombs) as well as hybrid model (red circles). The data
for external emission is characterised by solid symbols, the internal emission yields
by hollow ones. Experimental data taken from [31,32]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
penetration depths for the different projectiles, which can be
determined using SRIM1: for 5-keV Ar atoms bombarding a silver
solid a depth of 41 Å is estimated while for 5-keV Ag atoms imping-
ing onto a silver crystal this depth is only 29 Å. Therefore a lower
penetration depth for silver projectiles could result in a decrease of
the internal electron emission yield since the electrons excited by
the Ar-projectiles are generated closer to the buried interface. In
addition to the absolute values of the internal emission yields, the
impact angle dependence is striking as well. While the experimental
data decrease by a factor of three between normal and oblique inci-
dence, the calculated data decrease by 14 orders of magnitude. This
decline combined with the huge discrepancy in the absolute values
between experimental and calculated data show that the purely dif-
fusive treatment of the transport of electronic excitation is inade-
quate to describe the processes underlying the internal electron
emission.

As mentioned above, only the electron emission yields resulting
from electronic excitations at the top (for the external case) and
the bottom (for the internal case) of the model crystal are taken
into account within the frame of the pure Richardson–Dushman-
formalism. Fig. 2 also shows the calculated data for the hybrid
model (red circles), which incorporates the ballistic transport of
the electronic excitations generated in deeper layers in the crystal.
These additional contributions lead to an increase of both the
external as well as the internal electron emission yield as is
expected from the inclusion of additional contributions. While
the increase of the external yield (factor 6) is moderate, the main
advantage of the hybrid model is related to the prediction of the
internal yield. As seen from Fig. 2, this value is now substantially
increased and becomes comparable with the external yield, as
measured experimentally. This finding represents clear indication
that ballistic transport of the excited electrons must play an impor-
tant role in determining this yield.

However, no significant angular dependence is observed in the
calculations, indicating that there is still a problem with the model.
In order to tackle this problem, we implement a possible way to
include an anisotropic excitation into the calculations described
in Section 2. In principle, one should calculate the excitation profile
as done, for instance, in Ref. [33]. However, such calculations are
too complex to be incorporated in our model. In order to still elu-
cidate the influence on the kinetic electron emission process, we
use a first order approximation as indicated in Fig. 1 and assume
that all relevant excited electrons move along the original direction
of motion of the impinging projectile. This assumption may be seen
as an upper estimation for the influence of the excitation anisot-
ropy on the electron emission yield. The resulting impact angle
dependence of the predicted internal yield is presented in Fig. 3.

It is seen that the model now qualitatively predicts the correct
impact angle dependence, although the decrease towards oblique
incidence is too pronounced, indicating that the assumption of
exclusively directional excitation is too coarse. This is understand-
able, since about 50% of the total excitation energy is contributed
by the recoils [34] which move in rapidly randomized directions.
4. Conclusion

While the pure Richardson–Dushman formalism only repro-
duces the observed kinetic external electron emission yield, the
improved hybrid model is capable to predict emission yields of
the same order of magnitude for both the external and the internal
emission process. The results presented here indicate that each
layer of an ion bombarded solid acts as a thermal emitter of hot
electrons that are ballistically transported to the relevant emitting
1 www.SRIM.org.
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Fig. 3. Internal electron emission yields as a function of the polar angle of incidence
for directional (red solid circles) and random excitation (red hollow circles).
Experimental data taken from [31]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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surface. With regard to the directional excitation of the hot elec-
trons created by the projectile, the observed impact angle depen-
dence of the internal emission yield can be qualitatively
reproduced, although the decrease is overestimated.

In principle, a more sophisticated description of the electronic
transport can be achieved by numerically solving the correspond-
ing Boltzmann transport equation (BTE). The explicit computa-
tions, however, turn out to be far too complex and computer
time expensive to allow for a comprehensive treatment of kinetic
electron emission phenomena. Nevertheless, exemplary model cal-
culations within the framework of the BTE can be used to extract
physical parameters – such as the diffusivity D – that enter the
model presented here. Corresponding calculations are currently
under way in our lab.
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