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Experimental results of electron emission from surfaces of aluminum fluoride impacted by keV noble gas ions
(He+, Ne+, Ar+) show a high-energy structure that increases in intensity with ion energy in the case of He+

and Ar+ and is nearly independent on the impact energy for Ne+ ions. It is also observed that this high-energy
secondary electron peak is less pronounced in the case of impact by Ar+. While ion-induced electron emission in
metal surfaces is relatively well understood, in the case of wide band-gap insulators, such as metal fluorides, the
nature of high-energy excitations is still an open question. In this work, we propose a mechanism of high-energy
electron emission strongly linked to the ion neutralization process and the collision induced excitation of the
electrons in the solid.
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I. INTRODUCTION

The AlF3 is a good insulator, with a wide band-gap of
10.8 eV, and a good passivating agent due to its rather
inert chemically behavior [1]; it readily decomposes upon
irradiation with low- or mid-energy electrons [2–4], releasing
molecular fluorine and leaving a deposit of metallic Al on the
substrate, which makes AlF3 an attractive inorganic resist for e-
beam nanopatterning techniques [5,6]. All these characteristics
turns AlF3 a useful material for diverse applications such
as solar cell technology [1], molecular biology [7], and
fabrication of dilute magnetic semiconductors [8,9].

The behavior of these wide band-gap insulators under the
ion bombardment is not only interesting from a technological
point of view, because of the applications to astrophysics and
nanotechnology, but also from a fundamental point of view.
Electron emission is a primary effect occurring during the
irradiation of a surface by low energy ions. The mechanisms
of electron emission are divided, according to the energy
source, into potential and kinetic emission [10,11]. While
ion-induced electron emission in metal surfaces is relatively
well understood, the situation is different with wide band-gap
insulators, such as metal fluorides, where the nature of high-
energy excitations is a matter of current debate.

In this work, we focus on the measurements of electron
emission spectra from surfaces of aluminum fluoride impacted
by keV noble gas ions (He+, Ne+, Ar+), which show a high-
energy structure, clearly differentiated from the low-energy
electrons that result from the electron collision cascade in
the solid, that increases in intensity with ion energy in the
case of He+ and Ar+ ions and is nearly independent on the
impact energy for Ne+ ions [12]. These dependencies are
different from the decreasing with impact energy behavior
observed in the secondary electron spectra coming from a clean
copper surface bombarded by He+ and Ne+, where a potential
emission due to the Auger neutralization mechanism occurs
[13]. From this comparative analysis, it is possible to conclude
that the emission of high-energy electrons, in the case of AlF3,
is kinetic. The experimental results also show that the shape of

the spectra is independent of the type of ion, suggesting that it
is dominated by the electronic states of the solid. In Ref. [12],
the authors propose as a possibility to explain the high-energy
secondary electron peak, a two-electron excitations in fluorine.
A doubly excited F− state would decay by auto-ionization to
F 2p5 emitting an energetic electron.

We explore, in the present paper, another possibility for
high-energy electron emission linked to the ion neutralization
process and the collision induced excitation of electrons in
the solid. In particular, we study the scattering of positive He
ions from a AlF3 surface by using a time-dependent Anderson
Hamiltonian for describing the interacting system. The ion
neutralization and the electron distribution in the surface
after the collision are calculated by using the nonequilibrium
Keldysh Green function formalism [14,15]. We find that
electrons are promoted from the F-2p valence band to the
conduction band and holes are created in the strongly localized
F-2s band due to the ion neutralization. In this way, we show
that the decay of excited electrons to the long-lived holes in
the deep and narrow F-2s band, can be a source of high-energy
emitted electrons.

II. THEORY

The AlF3 crystalline solid corresponds to a rhombohedral
structure R-3c [16] such as the one shown in Fig. 1(a). The
distances between atoms are 2.542 Å for F-F and 1.797 Å
for Al-F; being the F-Al-F angle of 90◦ and the Al-F-Al
angle of 157.07◦. To our knowledge, the composition and the
crystallography of AlF3 thin films are not known. Experimental
results [17,18] indicate that the film grown at room temperature
completely covers the substrate, presenting no long-range
crystallographic order and good AlF3 insulator properties. This
film would be stoichiometric, but terminated with two F atoms
per Al one. All these observations lead to the proposal for the
hexagonal unit cell shown in Fig. 1(b) with lattice parameters
a = b = 5.37 Å and c = 13.5 Å. This unit cell contains six Al
and 18 F, which is a total of 24 atoms. In this form a slab was
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Rhombohedral
structure of
AlF3 bulk.

(a) (b)
Hexagonal unit cell

proposed for a film of
AlF3.

FIG. 1. α-AlF3 crystal structure. The big spheres correspond to
Al and the small ones to F atoms (the software Xcrysden [19] was
used to draw these figures).

constructed by duplicating the unit cell in the c direction and
by considering an empty space of 76.5 Å.

The FIREBALL code [20,21], based on the density functional
theory (DFT) within the local density approximation (LDA),
was used for calculating the density matrix of the α-AlF3

(0001) film constructed in the form described above. The
density matrix is given by the following expression:

ρi �Rs ;j �Rs′
(ε) =

∑
�k

C
�k∗
i �Rs

C
�k
j �Rs′

δ(ε − ε�k). (1)

In Eq. (1), the index i denotes orbital and �Rs the atom position
in the solid. The trace of this matrix is the local and partial
density of states shown in Fig. 2.

The energy band gap is underestimated by the LDA
approximation, therefore we have applied the scissors operator
[22] to shift the calculated density of states and correct the band
gap to its measured value (10 ± 0.2) eV [12]. The vacuum
level (Wφ) is positioned at 12 eV with respect to the top of
the valence band, that is a positive affinity for the AlF3. We
can observe from Fig. 2 a narrow valence band very localized
around −20 eV, which has practically a pure F-2s character,
and a predominantly F-2p band between −7 and 0 eV. The
3s and 3p Al states provide the main contribution to the
conduction band.

The Auger neutralization process provides the main mech-
anism for potential emission. In this process an electron from
the solid tunnels the surface barrier to neutralize the incoming
projectile, and the excess energy is taken by another electron to
escape from the solid [23]. In the case of insulators, where the
work function is replaced by the sum of the band gap, electron
affinity and hole-hole repulsion energy, a lower probability
for electron emission is expected for ions of low velocities
where potential emission is dominant for metals [24]. Then,
even though the ionization potential of the He projectile,

FIG. 2. Partial density of states of the α-AlF3 (0001) surface. The
contribution of F states to the s band is indicated by full lines and
to the p band by dotted lines. Shadowed regions correspond to the
contribution of Al states. The zero energy is chosen at the top of the
valence band.

−24.6 eV respect to the vacuum level, enables the Auger
mechanism of neutralization, it is expected a low probability
of occurrence in the range of incoming energies between 1
and 5 keV. On the other side, we are mainly interested in the
kinetic emission of energetic electrons which arise from auto
ionization of excitons, that are formed by electrons promoted
to conduction band states close to the vacuum level and holes
created in a strongly bound and localized band such as the
F-2s one. Then, in this work we are only going to explore
the He+ resonant neutralization, described by the following
Anderson-like Hamiltonian within the spinless approximation,
which results to be adequate in the case of neutralization of
He+ to its ground state [24,25]:

Ĥ =
∑

�k
ε�kĉ

†
�kĉ�k + εaĉ

†
aĉa +

∑
�k

[
V�kaĉ

†
�kĉa + H.c.

]
. (2)

The first term in Eq. (2) has to do with the unperturbed
solid target with one electron states ψ(�k) and energies ε�k; the
second one corresponds to the atom with ionization energy
εa , and the third term describes the interaction between the
solid and atomic states through the coupling integral V�ka . The
fermionic operator ĉ�k(ĉa) destroys an electron in a band(atom)
state. In the ion-surface scattering process, both parameters,
εa and V�ka , depends on time (t) because of the ion movement
with finite velocity �v along a trajectory defined by �R = �R(�v,t).
The required Hamiltonian parameters are calculated by using
the bond pair model [26], based on an adiabatic evolution
along the ion trajectory and which has proved to provide
a good description in many different atom-surface systems
[18,24,25,27]. In this form, we obtain the distance to the
surface dependence of the parameters, which then turns into
a time dependence, when the ion movement with a finite
velocity is considered. It is mainly based on the expansion
of the solid states ψ(�k) in a atomic basis ϕi(�r − �Rs) (i
denotes orbital and �Rs the atom position) and a mean-field
approximation to the electron-electron interactions, together
with a symmetric orthogonalization procedure [28]. In this
form, we have that the atom-band states coupling term V�ka is
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calculated as a superposition of atom-atom couplings, V dim
i �Rs,a

,
each one defined in the orthogonalized space of the dimer
formed by the projectile atom and one atom of the solid:

V�k,a =
∑
i, �Rs

C
�k
i �Rs

V dim
i �Rs,a

. (3)

The expansion coefficients in Eq. (3) are the ones that define the
density matrix, Eq. (1). The ionization energy is calculated as
εa = EHe0

total − EHe+
total , without allowing charge transfer between

atom and surface. The calculation includes the short range
interactions electron-nucleus, nucleus-nucleus and electron-
electron within a mean-field treatment, the overlap terms up
to a second order in the overlap expansion [26], and also the
interaction with the point charge field of the ionic surface
(Madelung potential). For calculating this last interaction, we
extract the values of the point charges from the DFT calculation
of the surface.

A. Calculation of He+ neutralization probability and energy
distribution of emitted electrons

We are interested in calculating the neutral fraction

na(t) = 〈ĉ†aĉa〉t (4)

and the energy distribution of the emitted electrons

N (ε,t) =
∑

�k
〈ĉ†�kĉ�k〉t δ(ε − ε�k). (5)

The procedure is based on the equations of motion of
the mean values of both, the atomic occupation number
n̂a(t) = ĉ

†
a(t)ĉa(t) and the band state occupation number

n̂�k(t) = ĉ
†
�k(t)ĉ�k(t); taking into account that they are in the

Heisenberg representation, the following equations of motion
result (atomic units are used):

d〈n̂a(t)〉
dt

= i〈[Ĥ (t),n̂a(t)]〉 = 2 Im
∑

�k
V ∗

ka(t)〈ĉ†aĉ�k〉t , (6)

d〈n̂�k(t)〉
dt

= −2 Im V ∗
�ka

(t)〈ĉ†aĉ�k〉t . (7)

From Eqs. (5) and (7), we can write

dN(ε,t)

dt
= −2 Im

∑
�k

V ∗
ka(t)〈ĉ†aĉk〉t δ(ε − ε�k). (8)

The total number of electrons is a conserved quantity as it can
be seen from Eqs. (6) and (8):

d〈n̂a(t)〉
dt

+
∫ ∞

−∞

dN(ε,t)

dt
dε = 0. (9)

Both quantities, 〈n̂a(t)〉 and N (ε,t), require the calculation of
the atom-band crossed term 〈ĉ†aĉk〉t , which is obtained from
the following Green function [14,15]:

Fa(ĉ�k)(t,t ′) = i〈|[ĉ†a(t ′); ĉ�k(t)]|〉,
at equal times, t = t ′, we have

Fa(ĉ�k)(t ′,t ′) = 2i〈|ĉ†aĉk|〉t=t ′ . (10)

FIG. 3. The He+ ion, indicated by the smallest sphere, is scattered
by the F atom (1). The F and Al neighbors included in the ion-surface
interaction process are shown. The biggest sphere corresponds to the
Al atom.

The equation of motion of Fa(ĉ�k)(t ′,t ′) leads to the result

Fa(ĉ�k)(t ′,t ′) = −i

∫ t

t0

dτV�ka(τ )[Fa(τ,t)

− (2〈n̂�k〉t0 − 1)Ga(τ,t)]eiε�k(τ−t). (11)

In Eq. (11), 〈n̂�k〉t0 is the Fermi distribution. Finally, the
calculation of the average value 〈ĉ†aĉk〉 requires the knowledge
of the Keldysh Green Functions projected on the atom state:

Ga(τ,t) = i
(t − τ )〈|{ĉ†a(t); ĉa(τ )}|〉,
Fa(τ,t) = i〈|[ĉ†a(t); ĉa|(τ )]|〉, (12)

which in turn are calculated from their equations of
motion [25].

B. Calculation of the Hamiltonian terms

The AlF3 surface and the scattering geometry we are going
to consider are shown in Fig. 3. By taking into account
the interaction of the projectile not only with the F atoms
at the surface but also with the Al atom beneath, the ion
neutralization and the electron-hole pair excitation are both
well contemplated. The electrons come mainly from the F-like
bands but the empty bands to receive the promoted electrons
are provided by the aluminum.

The atom-atom coupling integrals of Eq. (3) are calculated
by using the atomic basis set for F and Al given by Huzinaga
[29,30]. In Fig. 4, we can observe in a comparative way
the He-F and He-Al coupling terms as a function of the
ion distance to the surface, z. At distances for which the
interaction between atoms becomes effective, the coupling of
the He-1s state with the s and p-states of the nearest F atom
[Fig. 4(a)] is practically two orders of magnitude larger that
the coupling with the other F atoms [Fig. 4(b)]. The coupling
with the valence states of Al [Fig. 4(c)] show a more extended
character and they are more significant than the coupling
terms with the F atoms close to the scatter one.

The ion energy level variation with the distance to the sur-
face is shown in Fig. 5 for the two possibilities: He+ scattered
by either the F or the Al atom in the scattering geometry of
Fig. 3. The one electron energy level is obtained by considering
the short range contributions in the total energy calculations
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FIG. 4. (a) The coupling terms of He-1s state with the 2s and 2p

states of the scatter F atom (atom 1 of Fig. 2). (b) The coupling terms
of He-1s state with the 2s and 2p states of the F atom 3 of Fig. 3.
(c) The coupling terms of He-1s state with the 2s, 2p, 3s, and 3p

states of the Al, atom 2 of Fig. 3.

(a)

(b)

FIG. 5. (a) The He-1s energy level in front of a F atom of the
AlF3 surface (Fig. 3) by considering (square) and not (triangle) the
Madelung potential. (b) The same as (a) in the case of helium in front
of a Al atom. The energy levels are contrasted with the LDOS of the
AlF3 (0001) surface (shadowed regions); the top of the valence band
is chosen as the zero of energy and the vacuum level (Wφ) is indicated
by the horizontal dash line.

(εHe0 ,εHe+ ) and the Madelung potential, VMAD(z) = ∑
j qHe+ ·

qj/|�z − �Rj |. In this form, we have that εa(z) is given by

εa(z) = EHe0

total(z) − EHe+
total (z)

= εHe0 (z) − (εHe+ (z) + VMAD(z))

= ε∗
a(z) − VMAD(z). (13)

In Eq. (13), ε∗
a(z) is the one electron energy without the

Madelung contribution and it is also shown in Fig. 5 in order
to appreciate the effect of the Madelung potential on the energy
level shift. In both cases, the helium in front of either F or Al
atom, we observe that the energy level including the Madelung
potential seems to enable a resonant charge exchange process
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FIG. 6. (a) The energy distribution of holes Nh(ε,∞) created in the F-2s band for incoming ion energies: 1 (solid line), 3 (dash line), and
5 (dot line) keV. (b) The same for holes created in the F-2p band. (c) Energy distribution of electrons excited to the conduction band N (ε,∞).
Equal y-axis scales are used in (a), (b) and (c). (Inset) Neutral fraction na(t = ∞) as a function of the incoming ion energy.

only very close to the surface and also a promotion of the F-2s

and F-2p electrons.

III. RESULTS AND DISCUSSION

As it is indicated in Fig. 3, the ion trajectory is assumed
perpendicular respect to the surface and with a constant
velocity, zin(out) = zrtp + vin(out)|t |. The kinetic energy loss
factor due to the elastic scattering of helium by a F atom, for
a scattering angle equal to 180◦, is 0.425. The considered ion
kinetic energies are 1, 2, 3, 4, and 5 keV and the corresponding
turning points, zrtp = 0.35, 0.2, 0.16, 0.12, and 0.1 a.u. were
estimated from the interaction energy between He+ and F−
atoms.

A. He+ neutralization and energy distribution of holes
and electrons created in the AlF3 surface

The energy distribution of holes below the top of the
valence band calculated as Nh(ε,∞) = N (ε, − ∞) − N (ε,∞)
is shown in Figs. 6(a) and 6(b). The energy distribution
of excited electrons, given by N (ε,∞) for energy values
corresponding to the initially empty conduction band states,
is shown in Fig. 6(c). We can observe the behavior for the
different incoming ion energies, the holes in the F-2s band
increase with increasing kinetic energy [Fig. 6(a)], while the
opposite behavior is observed for both, the case of holes in
the F-2p valence band [Fig. 6(b)] and the case of electrons
in the conduction band [Fig. 6(c)]. On the other hand, the
neutral fraction shown in the inset of Fig. 6(a) has also a
tendency to increase with energy, suggesting in this way that
the helium neutralization occurs at the expense of F-2s band
and the electrons of the F-2p band are excited due to the
ion-surface collision process. That is clear from Fig. 7 where

we can see together the evolutions along the ion trajectory of
the He-1s state occupation 〈na〉, the hole occupation of both
F-2s and F-2p valence bands,

∫
ε∈[F−2s band]

Nh(ε,z)dε and
∫

ε∈[F−2p band]
Nh(ε,z)dε;

and the electron occupation of the AlF3 conduction band,

∫
ε∈c.b.

N (ε,z)dε.

It is observed in Fig. 7 that for ion distances not very close
to the surface, there is a clear correspondence between the
holes created in the F-2s band and the electrons transferred
to the helium state; and also between the holes created in the
F-2p band and the electrons excited to the conduction band.
At small distances from the surface, the mixing between the
He state and the band states of AlF3 is large enough as to make
not possible a clear discrimination between them.

The neutral fraction is practically constant and around 10%
for kinetic energies below 5 keV, being practically duplicated
at 5 keV. By estimating the energy uncertainty of the atomic
level due to the ion velocity [31], �E ≈ v in atomic units, we
found that at 5 keV the resonance between the projectile level
and the F-2s band states begins to be favored at distances for
which the interaction is effective (z ≈ 2–4 a.u.).

The above results show that the proximity of the ion
energy level to the F-2s band makes possible a quasiresonant
neutralization and therefore, the presence of holes in this
AlF3 band. On the other side, we can infer that the promoted
electrons come from the antibonding interaction between the
ion and the F-2p band states.
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FIG. 7. The hole occupation of F-2s band (full squares), the hole
occupation of F-2p band (empty squares), the electron occupation
of the projectile state (empty triangles) and the electron occupation
of the conduction band (full triangles), as a function of the distance
to the surface, z. Incoming ion energy equal to 3 keV in the upper
panel and 5 keV in the lower panel.

B. Energy spectra of emitted electrons

The narrow shapes of the electron and hole distributions
[Figs. 6(a)–6(c)], strongly governed by the LDOS of AlF3

surface, imply a large half-life of both, holes, and electrons. It
is then justified to calculate the autoionization decay spectra,
where the energy of recombination of a hole and an electron
is transferred to another electron in the valence band [32] (see
Fig. 8). A simple convolution of hole and electron distributions
such as the ones shown in Figs. 6(a)–6(c), leads to the emitted
electron spectra,NE(E), shown in Fig. 9.

The more energetic emitted electrons with energies between
15 and 25 eV with respect to the vacuum level are originated
from the decay of the excited electrons [Fig. 6(c)] to the
hole states in the F-2s band (Fig. 6) created due to the He+

neutralization. Whereas the emitted electrons at energies below
10 eV come from the decay of the excited electrons to the

FIG. 8. The autoinoization process is shown schematically. An
initial excited electron with energy ε�k decays to the hole state with
energy εh; then, an electron with energy ε�k′ is emitted to a final state
with energy E = ε�k + ε�k′ − εh.

hole states in the F-2p band [Fig. 6(b)] originated in the pair
electron-hole excitation by the collision process.

The measured energy distributions of emitted electrons do
not correspond to the defined ion trajectory in the binary
collision process for each incident ion energy (Fig. 9). The
experimental spectra are better described if we perform, for
each incident kinetic energy, the following weighted sum over
different impact parameters, zrtp, taking into account that the
weight is proportional to the corresponding area (probability
of occurrence):

NT (E) ∝
∫

dzrtpzrtpNE(E,zrtp). (14)

FIG. 9. Energy distribution of emitted electrons for different
incoming ion energies. Turning points according to the interaction
energy between He+ and F- atoms. E = ε − Wφ .

075428-6



THEORETICAL STUDY OF THE CHARGE TRANSFER AND . . . PHYSICAL REVIEW B 96, 075428 (2017)

FIG. 10. Energy distribution of emitted electrons for different
incoming ion energies. After performing the weighted integration
over several impact parameters, Eq. (14). E = ε − Wφ .

In this form, we obtain the energy spectra of emitted electrons
shown in Fig. 10 for different ion kinetic energies. We can
observe from Fig. 10 that the high-energy emitted electrons,
between 15 and 25 eV, are now reproducing the experimental
trends: an increase of the electron emission with the ion kinetic
energy.

IV. CONCLUSIONS

We have found that the presence of high-energy electrons in
the electron emission from AlF3 surface when it is bombarded
by He+, can be explained taking into account the band structure

features of the surface. The strongly localized F-2s band allows
for the neutralization of He+ and therefore, the creation of
long-lived holes in this band.

On the other hand, the collision induced excitation of F-2p

electrons allows for electrons in the conduction band. The
decay of excited electrons to the holes in the F-2s band
gives the possibility of having electrons of energies within
the observed energy range (10–25 eV).

Then, we can conclude that the ion energy level position
relative to the F-2s and F-2p bands is crucial to enable the
high-energy electron emission. That is, the proximity of the ion
energy level to the F-2s band makes possible a quasiresonant
neutralization and in this form the presence of holes in this
AlF3 band. On the other side, the promoted electrons come
from the antibonding interaction between the ion state and
the F-2p band states. We can explain, in this form, the
experimental trends of the emitted electron spectra obtained
in the case of bombarding with positive ions of Ne and Ar.
According to the ionization energy of Ne (21.56 eV), very
near to the one for helium, the same mechanism is expected to
be operative and efficient. While in the case of Ar, for which
the ionization level (15.76 eV) is well above the F-2s band, one
expect less contribution from this band to the ion neutralization
and therefore, a smaller probability of hole creation. This
fact will be evidenced through a diminished intensity of the
high-energy secondary electron peak.
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