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Abstract. The electronic stopping cross section (SCS) of AlaO3 for proton beams is studied both exper-
imentally and theoretically. The measurements are made for proton energies from 40 keV up to 1 MeV,
which cover the maximum stopping region, using two experimental methods, the transmission technique at
low energies (~40-175 keV) and the Rutherford backscattering at high energies (=190-1000 keV). These
new data reveal an increment of 16% in the SCS around the maximum stopping with respect to older mea-
surements. The theoretical study includes electronic stopping power calculations based on the dielectric
formalism and on the transport cross section (TCS) model to describe the electron excitations of AlOs.
The non-linear TCS calculations of the SCS for valence electrons together with the generalized oscillator
strengths (GOS) model for the core electrons compare well with the experimental data in the whole range

of energies considered.

1 Introduction

Alumina (Al;O3) is an important material broadly used
in mechanical, optical, optoelectronics or microelectronic
applications due to its excellent chemical resistance, good
mechanical strength, high hardness, transparency, high
abrasion and corrosion resistance. All these remarkable
properties make of Al,Os a typical choice as a ma-
trix/substrate for optical waveguide amplifiers in inte-
grated systems [1], solid state lasers or thin-film de-
vices [2,3]. Also, the electronic properties of Al;Oj3 films
allow their use as gate dielectric for field-effect transis-
tors [4], whereas the capability to insert nanocompos-
ites in alumina matrices suggests potential applications
in nanoscale memory devices [5].

On the other hand, the study of the energy deposition
of energetic ions in matter is a problem of interest for basic
and applied research in many areas, such as ion implanta-
tion, ion beam analysis and modification of materials, ra-
diation damage, radiation therapy or space research [6-8].
Therefore due to the importance of alumina films, it is de-
sirable to know accurately their stopping power in a wide
range of ion energies, since it plays a key role in ion beam
analysis experiments.

? e-mail: ias@ua.es

The stopping power of proton beams in Al,O3z was
studied since the early sixties [9]. Later on, more re-
sults were reported for a wide range of projectile ener-
gies [10-13]. Measurements for slow H* projectiles were
done by Eder et al. [14] looking for a threshold effect in
the velocity dependence of the stopping power, however
despite the fact that alumina is a large-band-gap insula-
tor, a linear velocity dependence was found. These authors
also claimed that the strong chemical bonds in Al,Og3 play
an important role in the stopping power [14]. A more re-
cent theoretical-experimental study for HT, He™ and NT
projectiles in AloO3 and SiO2 was made by [15] in order
to understand the differences in the stopping behaviour of
both targets.

It also calls the attention that the stopping power of
Al;O3 for HY projectiles predicted by the semi-empirical
SRIM code [16], both with and without chemical correc-
tions, does not agree with the previous published data.
This fact, together with a significant dispersion among
the experimental stopping data [17], has been an incentive
to carry out new measurements of the stopping power of
Al,O3 for HT in a broad range of energies, which includes
the maximum stopping region.

We present here an experimental-theoretical study of
the stopping power of AlyOs for proton beams. With
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this purpose we have measured the stopping cross sec-
tion (SCS) on a wide energy range, from 40 keV up to
1 MeV, using two techniques: Rutherford backscattering
spectrometry (RBS) and the transmission method, both
described in Section 2. Theoretical calculations of the SCS
based on the linear dielectric formalism and on the non-
linear transport-cross-section model are presented in Sec-
tion 3. In Section 4, we show our new experimental data
for the stopping power and a comparison with the theo-
retical calculations. Finally, the conclusions of this work
are outlined.

2 Experimental methods

For the determination of the stopping power of the AlO3
target for a proton beam we have used two techniques:
the RBS for the higher energies, and the foil transmission
method for the lower ones.

For the RBS experiments, the AloO3 films were pre-
pared by radio frequency magnetron sputtering using a
commercial target and Og/Ar mixture as a sputtering
gas. The sample had a nominal purity of 99.99%. Films
of thicknesses 43, 72 and 117 nm were deposited on a
gold film which was previously evaporated over a silicon
substrate. We have followed this procedure because the
fact that the Si signal of the substrate overlaps the AlO3
signal. Therefore, with the present substrate/films struc-
ture (Si/Au/AlyOs3), instead of determining the energy
loss that the H ions suffer in the AlsOg films by using
the signal corresponding to the projectiles backscattered
in the Al or O atoms, we have developed the method de-
scribed below.

We used as a marker the high energy edge of the Au
signal, which corresponds to projectiles backscattered in
the outermost layer of Au. Those projectiles, in addition to
the elastic energy loss in the backscattering event, also lose
energy in the inward and outward paths of the Al;O3 film.
The energy loss in the alumina film was determined by
performing a comparison with the energy of ions backscat-
tered at an Au surface, as illustrated in Figure 1. The
thickness of the AlsOg films was determined by using the
energy loss of a Het beam at 3 MeV, and normalizing
with the predicted stopping power of the SRIM code [16].

The RBS technique was used in the 190-1000 keV en-
ergy range. The total energy resolution of the system was
6 keV (FWHM), which is due to the intrinsic straggling
in the energy loss and to the AlyOg film thickness inho-
mogeneities. The ion beam was provided by the 500 kV
ion implanter and the 3 MV Tandetron accelerator of the
Instituto de Fisica of the Universidade Federal do Rio
Grande do Sul.

The samples were mounted on a four axis goniometer
and the detector was fixed at 120° with respect to the
incident ion beam. For each incident energy, four RBS
spectra were recorded at 0°, 20°, 40° and 60° between
the sample and the ion beam direction. The selection of
the films was done according to the beam energy. In some
cases, for a given energy, two different films were used and
the obtained results were consistent.
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Fig. 1. Rutherford backscattering spectrum taken with a H*
ion beam at 1 MeV. The angle of the incident ion beam di-
rection with the sample normal is 40°, and the angle with the
detector is 120°. This energy region corresponds to projectiles
that have reached the detector after a backscattering collision
with an Au atom. The high energy edge of the Au peak is dis-
placed toward lower energies with respect to a backscattering
event occurring at an Au surface due to the energy loss in the
A1203 film.

For the data analysis we used the mean-energy approx-
imation, which in the present case is more suitable than
the surface one [18]. In the mean-energy approximation,
for a fixed beam-detector geometry two measurements are
necessary at different beam-sample geometries in order to
obtain the stopping power for the inward and outward
paths along the sample. Usually we had four different ge-
ometries for the same energy. Consequently we have a set
of equations from which we can determine the correspond-
ing stopping powers with very good precision. Proceeding
in this way we have obtained the H stopping power from
the RBS measurements.

The energy loss determinations for H* projectiles in
Al;O3 with energies between 40 and 175 keV were done at
the Atomic Collisions Laboratory of the Centro Atémico
Bariloche, employing the transmission method. The ion
beams were generated by an electrostatic accelerator with
an radio frequency ion source followed by focusing and
mass selection stages. The Al;Ogs foils were mounted on
a movable holder to allow energy measurements of the
direct beam and the beam transmitted through the tar-
get. The energy analysis was performed by an electro-
static analyzer with 0.3% FWHM resolution positioned in
the forward beam direction. The particles were detected
by an electron multiplier followed by conventional pulse
counting electronics. Spectra were recorded by a multi-
channel scaler with channels switched synchronously with
the energy-analyzer plate potential.

Target charging up was avoided by introducing a low-
energy electron shower in the target chamber and working
with low beam current densities (~107% A/cm?). These
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low current densities combined with short measuring times
of ~2 min per spectrum also avoided foil thickening by the
beam.

The self supported foils were made by electron-gun
evaporation under clean vacuum conditions on a very
smooth plastic substrate which was subsequently dis-
solved [19]. The mean foil thickness of the Al,O3 targets
was 33 nm and has been determined by energy-loss mea-
surements and normalization to 200 keV stopping power
values from the SRIM code [16]. It should be mentioned
that the main source of errors in the determination of the
stopping power relies on the thickness film determination.

3 Theoretical models

Since the present study of the energy loss of proton beams
in alumina films covers a wide range of projectile ener-
gies, which include regions below and over the stopping
power maximum, the theoretical description contain two
different approaches: the dielectric formulation and the
quantum transport cross section model. Detailed reports
of these formulations have been given before [20-23], so
just a brief summary of each of them will be exposed.
Due to the projectile energy range considered in this work,
only the electronic energy loss will be considered, neglect-
ing elastic collisions with target nuclei [24].

In the equilibrium regime, the electronic stopping
power S = — (dE/dx) for a projectile with atomic num-
ber Z1, moving with energy F in a target, is a weighted
average of the stopping powers S; corresponding to the
different charge states ¢ of the projectile resulting from
the electron capture and loss processes during its travel
through the solid,

Z
S = Z¢q Sq- (1)
q=0

Here ¢, is the probability of finding the projectile in a
given charge state ¢ at energy E, which depends on the
target nature, the projectile and its energy. The charge-
state fractions ¢, at equilibrium are obtained from a
parameterization to experimental data [25], which uses
Bragg’s additivity rule for compound targets. The sum-
mation in equation (1) extends over all possible charge
states g of the projectile.

As indicated before, two different approaches to eval-
uate the inelastic energy loss of energetic projectiles in
solids are considered. The dielectric formalism based on
perturbative approximations for dense media, which can
be applied to swift projectiles, and the non-linear trans-
port cross section (TCS) model, which is used to evaluate
the electron valence contribution to the stopping power on
a wide range of energies. Here we give a brief description
of each of these methods.

3.1 Dielectric model

The dielectric formulation is a standard treatment of the
interaction of charged particles with condensed media
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based on first order perturbation theory [26], where the
dielectric response function of the target £(k,w) provides
a description of the dynamical potential induced by swift
ions in solids. As a result of this interaction, the incom-
ing projectile, with kinetic energy E, mass M; and charge
state ¢, will lose energy in the process to induce electronic
excitations in the target. With this formalism the stopping
power is given by

Mie? [ dk ky/2E/M, 1
Sq = T E /0 kpq(k)/o dw wIm [5(16,(.0)]’
(2)
where hk and Aw are, respectively, the transferred mo-
mentum and energy from the projectile to the target elec-
trons, Im [—1/¢(k,w)] is the energy loss function (ELF) of
the target, which is the main magnitude to characterize
the response of the target to an external electromagnetic
perturbation. p, is the Fourier transform of the projectile
charge-density for the charge state g, calculated here using
the statistical Brandt-Kitagawa model [27]!.

We describe the ELF of the target by the MELF-
GOS model (Mermin-Energy-Loss-Function-Generalized-
Oscillator Strengths) [20,21,29], where the target electron
excitations are split into two parts, the inner excitations
related to the inner-shell electrons, and the outer excita-
tions corresponding to the weakly-bound electrons. As the
inner-shell electrons have relatively large binding energies
and negligible collective effects, they are described using
a single-atom model through the Generalized Oscillator
Strengths (GOS) in the hydrogenic approach [30]. On the
other hand, the outer electron excitations are modelled by
a linear combination of Mermin-type ELF [31], which is
constructed by a fitting to available experimental ELF val-
ues at the optical limit (k = 0). The ELF obtained in this
way must also satisfy the f-sum rule for all values of the
transferred momentum. With this approach a complete
representation of the energy and momentum dependence
of the ELF is automatically obtained due to the analyt-
ical properties of the Mermin-ELF and the GOS. Note
that this method incorporates realistically the dielectric
properties of the target, such as individual or collective
excitations, aggregation and chemical effects of condensed
matter, as well as the finite plasmon lifetime of the Mermin
dielectric function, since it is based on optical ELF exper-
imental data.

There are two sets of experimental data for the ELF of
Al;O3 at the optical limit [32,33], obtained from vacuum
ultraviolet spectroscopy and from electron energy-loss
spectroscopy, and although both measurements present
a well defined peak at ~25 eV, there are sizeable differ-
ences in their absolute values [34]. The dielectric proper-
ties of AlyOj3 are described by the MELF-GOS methodol-
ogy, where the K-shell electrons of Al and O are treated as
inner-electrons through their GOS, since they show negli-
gible collective effects due to their large binding energies;
the rest of the electrons are considered as outer elec-
trons and treated by the MELF model, as reported pre-
viously [35]. We applied the MELF-GOS methodology to

! Corrections to the BK model appear in [28].
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both sets of optical experimental ELF data of alumina in
order to calculate the proton stopping power as given by
equations (1) and (2).

3.2 Transport cross section model

The transport cross section (TCS) formalism is a non-
perturbative quantum method to calculate the scattering
of electrons in a screened potential and obtain the valence
electron contribution to the electronic stopping power [36].
This approach is based on numerical integrations of the
Schrédinger equation for a screened potential represent-
ing the interaction with the target electrons of the ion,
having a charge state ¢ and moving with velocity v; from
these calculations one obtains the values of the phase shifts
01(vy,v) as a function of the relative electron-ion velocity
vy, which are then used to calculate the transport cross
section oy, (vy, v) by the equation

Otr Ura

ZZ 14 1) sin?[0; (vy, v) — 8141 (ve, v)]. (3)
U150

Then, to obtain the mean energy transfer to the medium
one must perform an integration over the distribution of
the electron speeds v, using the following relation [37] to
obtain the valence electron stopping power,

1 vE
= Vedv
47r2v2/0 e

[v4ve | 02 — 2
></ dv,vto (ve,v) [1 + 9 e} (4)
| v

V—e | T

Sq,valcncc

where vp is the Fermi velocity of the target valence elec-
trons. The set of calculations must be repeated for each
ion speed of interest. This approach has the advantage of
providing a fully non-perturbative method to calculate the
stopping power, and is also called a non-linear approach,
since it applies to all orders in the interaction. More de-
tails on this method may be found in several previous
publications [22,23,36,38].

The stopping power for a projectile with a charge state
q can be calculated separately as due to the contribution of
valence electrons plus the inner-shell electron excitations,

(5)

Here the valence electrons contribution Sy, valence is evalu-
ated from the non-linear transport cross section model,
equation (4), whereas the inner-shell electrons part
Sq, inner i calculated with the atomic collisional model rep-
resented by the GOS in the hydrogenic approach.

In order to represent the interaction of hydrogen beams
with AlyOgs targets, the calculations of Sy valence Were
made for the two relevant ion charges: protons and neu-
tral hydrogen, and finally the results were averaged con-
sidering the equilibrium charge state values for each ion
energy (see Eq. (1)). The valence electrons of Al,O3

Sq = Sq,valence + Sq, inner-
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Fig. 2. (Color online) Valence stopping cross section (SCS) of

Al2O3 as a function of the incident energy of a proton beam,
calculated by the non-lineal transport cross section model for
rs = 1.5 a.u. (due to valence electrons). The red dashed line
(SCS..) represents the results for H', the blue dash-dotted line
(SCSp) corresponds to H°, whereas the black solid line is the
total valence SCS, obtained from the previous SCS weighted
with the equilibrium charge fractions (Eq. (1)). The grey solid
line (SCSinner) represents the contribution to the SCS due to
the inner-shell electrons, obtained with the GOS model. The
grey dotted line represents the Bethe SCS for an electron gas
with r¢ = 1.5 a.u.

were described as a Fermi gas characterized by an one-
electron radius, r¢ = 1.5 a.u., which corresponds to the
value of the experimental plasma frequency of alumina
(~25 eV) [32,33].

The stopping cross section, SCS, is defined as SCS =
(1/p)S, where p is the target molecular density. In Figure 2
we show the results for the stopping cross section in Al3O3.
Calculations are shown for the valence SCS obtained with
the TSC model for HT (SCS,, red dashed line) and H®
(SCSyp, blue dash-dotted line), as well as the total SCS
(black solid line), provided by a proper weighting with
the corresponding equilibrium charge state fractions, ac-
cording to equation (1). At projectile energies greater that
150 keV only the HT component contributes to the SCS
because above this energy the fraction of HY is negligible.

In this approach, we consider as inner-shell electrons
of Al,O3 those corresponding to the K-shell of O and
the K- and L-shells of Al, which were represented by the
GOS model to obtain their contribution to the stopping
power, equation (5). In Figure 2, the inner-shell contribu-
tion to the stopping cross section, SCSipper, is depicted by
a grey solid line. The contribution of SCSiyper to the to-
tal stopping cross section SCS (due to valence plus inner
shells), is SCSinner ~9% SCS at 100 keV, SCSinner ~27%
SCS at 500 keV, and SCSinner ~35% SCS at 1000 keV.
We conclude that at low proton energies the interaction
between the projectile and the valence electrons is the
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Fig. 3. (Color online) Stopping cross section (SCS) of AloO3
measured in this work for a proton beam as a function of the in-
cident energy are represented by red circles and squares. Other
symbols correspond to experimental data available in the lit-
erature [9-14]. Black solid line corresponds to the SCS from
the non-lineal transport cross-section model for the valence
electrons together with the inner electron excitations from the
GOS model. Blue dash-dotted line and cyan dashed line are
the results from the dielectric formalism with the MELF-GOS
model using the optical experimental ELF from [33] and [32],
respectively. The result obtained by the semiempirical SRIM
code [16] is depicted by a grey dotted line.

dominant mechanism, while the inner-shell contribution
becomes significant for energies above 100 keV.

Finally, we also show in Figure 2, with a grey dotted
line, the SCS obtained from the Bethe formula for a free
electron gas [39] with r¢ = 1.5 a.u., which is valid at high
projectile energies, and therefore coincides with the more
detailed TCS calculation.

4 Results and summary

In Figure 3 we show our present experimental results for
the stopping power of AlyOgs targets for proton beams,
together with previous published results and the estima-
tions from theoretical models. We have depicted with red
circle and square symbols the experimental stopping cross
section (SCS) from 40 keV to 1000 keV proton energies,
which covers the region around the maximum stopping,
which is around 80 keV. It is worth mentioning that the
experimental data obtained from the two different labo-
ratories, using different techniques: transmission (red cir-
cles) and RBS (red squares) agree very well at intermedi-
ate energies. We compare our results with other available
experimental stopping cross sections [9-14], which cover
low, intermediate and high proton energies. At energies
higher than 200 keV, our experimental data agree with
most of the previous measurements within the error bars,
however at the maximum of the stopping power our data

Page 5 of 6

are about 16% larger than the preceding data from [12].
It should be stated that all the previous works were done
using the transmission technique, while in the present case
for energies higher than 200 keV for the first time was used
the RBS one. Moreover our experimental data agree well
with the present theoretical calculations as well with the
semi-empirical SRIM calculations.

We also show in Figure 3 the results of the SCS cal-
culations from the dielectric formalism with the MELF-
GOS model to describe the energy-loss spectrum of AlsO3
and using two different sources of experimental ELF. The
blue dash-dotted line corresponds to the SCS results ob-
tained by fitting the ELF to the experimental optical data
from French et al. [33] whereas the cyan dashed line shows
the corresponding results when the ELF is fitted to the
Hagemman et al. data [32]. In both cases, the calculated
SCS is rather similar, although differ in ~5% at the max-
imum stopping energy, and agree well at proton energies
larger than 200 keV. At lower energies these theoretical
values underestimate the present experimental data, indi-
cating that non-linear effects start to be important. The
MELF-GOS methodology also provides the mean excita-
tion energy, I, which is a useful parameter in the Bethe
equation applicable at high energies [24]; using this analy-
sis we obtain I = 134 eV, from the French et al. ELF [33]
and I = 146 eV, from the Hagemann et al. ELF [32].

Finally, the total SCS of AlyO3 for protons was ob-
tained as the sum of two contributions: (i) the contribu-
tion of valence electrons, calculated with the transport
cross section (TCS) formalism; and (ii) the inner-shell con-
tribution, obtained using the GOS method. The result is
depicted in Figure 3 by a black solid line. We find these
calculations to be in satisfactory agreement with our ex-
perimental data on the whole range of energies considered,
including the maximum of the stopping power. At low en-
ergies, where non-linear effects must be considered, the
results of the transport cross section model show a fair
agreement with the experimental data from [14], whereas
at high energies they converge to the results obtained
with the dielectric formalism. For comparison purposes,
we have also plotted in Figure 3, as a grey dotted line, the
semiempirical predictions of the SRIM code [16], which
agree rather well with the new SCS measurements pre-
sented in this work.

In summary, the stopping cross section of Al,Ogz for
protons in a wide energy range has been investigated
using a combination of different theoretical and exper-
imental methods. Stopping experiments using transmis-
sion and RBS techniques have been reported for energies
from 40 keV to 1 MeV. In the region around the stopping
power maximum (~80 keV) the present experimental re-
sults, well reproduced by the theory, are ~16% larger than
the previous ones [12]. Calculations based on the linear di-
electric formalism and the non-linear transport cross sec-
tion model have been presented. The combination of the
TCS model (to evaluate the contribution of valence elec-
trons) with the atomic GOS model (to evaluate the con-
tribution of inner-shell electrons) yields results that agree
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with the experimental data on the wide range of energies
here explored.
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