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Abstract. The energy-loss straggling of zirconia (ZrO2) and alumina (Al,O3) has been experimentally de-
termined for proton and alpha-particle beams mainly by means of the Rutherford backscattering technique
and in some few cases using the transmission method. The incident energies of the projectiles covers a wide
range, from 200 keV up to 2000 keV for H™ and from 200 keV up to 4000 keV for He™ in zirconia films. In
the case of alumina films the studied energy range was 100 keV—-3000 keV for H™ and 100 keV—6000 keV
for He™. Our experimental results compare very well with theoretical calculations based on the dielectric
formalism and a suitable description of the electronic excitation spectrum of ZrO2 and Al2Os3 films through

their energy-loss function.

1 Introduction

Zirconia and alumina are two large-band-gap insulators
with many technological applications due to their excel-
lent mechanical, thermal and optical properties. In partic-
ular, zirconia has a wide range of industrial applications
including its uses in ceramic engineering, as catalytic sup-
port medium, or as bone prosthetics in dentistry and or-
thopaedy [1] and the references therein; it has also been
proposed due to its high dielectric constant, together with
hafnia (HfO3), as a gate dielectric material in metal-oxide
semiconductor devices [2]. Moreover, zirconia is one of the
most radiation-resistant ceramics which makes it impor-
tant in the nuclear industry. On the other hand, alumina
is a useful material for a variety of purposes with poten-
tial applications in optics and optoelectronics [3], and it
is a common choice as a protective or supporting film
for waveguides, solid state lasers, and other devices [4].
Therefore, due to their technological importance, ZrOs
and AlyOj3 are materials commonly found in ion beam
analysis experiments, where a detailed knowledge of their
energy-loss distribution and energy-loss straggling are in-
dispensable.

A great effort has been devoted to obtain accurate ex-
perimental data of the stopping power of ZrO5 and Al;Og
films for energetic ions [5-12]. However, up to now, there
are not measurements of the energy-loss straggling for pro-
ton and alpha-particle beams in zirconia and in alumina.
This lack of experimental data can be attributed to the
great complexity to perform precise energy-loss straggling
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measurements in compounds and insulators targets, such
as in the oxides analyzed here. The main experimental dif-
ficulties lie in the preparation of homogeneous and smooth
films, since inhomogeneities in the irradiated target may
contribute into the measured energy loss fluctuations [13].
Besides, fluctuations of the projectile charge-state, and
spatial correlation effects mean an additional problem. On
the other hand, from the point of view of particle-matter
interaction it is essential to know the energy-loss strag-
gling as well as the stopping power, nevertheless theoreti-
cal calculations of the straggling are quite limited [14-21]
as compared with the stopping power literature.

In this work, we present, for the first time, experimen-
tal data of the energy-loss straggling of proton and alpha-
particle beams interacting with ZrO5 and Al;O3 films in a
broad projectile energy range. These measurements have
been done using mainly the Rutherford backscattering
technique for projectile energies in the range of hundreds
of keV up to several MeV, together with a few measure-
ments using the transmission method, which include the
region around the maximum stopping power. Theoretical
calculations of the energy-loss straggling have been per-
formed in the frame of the dielectric formalism (first Born
approximation) with a suitable description of the ZrO,
and Al,O3 energy loss functions (ELF), provided by the
MELF-GOS method [18,22]. The agreement between the
experimental data and the theoretical results is very good.

2 Experimental method

The ZrO5 as well as the Al;Og films were prepared by
the radio frequency magnetron sputtering technique using
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commercial targets and Os/Ar mixture as a sputtering
gas. The ZrO, target has a nominal purity of 99.9% (with
a Hf impurity content of 5% wt); ZrOq films of thicknesses
t =13, 37, 54, 68, 95, 145 and 190 nm were deposited onto
Si (100) substrates by varying the deposition time. In the
case of the AlyOg films the same procedure was followed;
the target purity was of 99.99% and films of thicknesses
t = 14, 27, 41, 54, 100 and 150 nm were deposited on
a polished carbon substrate. Checking of thickness and
roughness of both kinds of films were done by using the
X-ray reflectivity scan (XRR) technique [23] together with
the software WinGixa from Philips. The typical error in
the film thicknesses was of ~4%. The roughness of the
films was estimated to be around 6% of their thickness.

The incident energies of the projectiles cover a wide
range. For ZrO, it was from 200 keV up to 2000 keV
for HT, and from 200 keV up to 4000 keV for He™.
For the Al;Oj3 films, the energy range interval was from
100 keV up to 3000 keV for HT and from 100 keV up
to 6000 keV for He'. The total energy resolution of the
system (FWHM) was 6 keV for H" and 10 keV for He™,
respectively. The ion beams were provided by the 500 kV
ion implanter and the 3 MV Tandetron accelerator of the
Instituto de Fisica of the Universidade do Rio Grande do
Sul, Brazil.

For each incident ion energy, we have used the appro-
priate film and three spectra were recorded at 0° 30° and
45° between the normal of the sample and the incident
ion beam in order to have better precision in our final
results. In Figure la we show the He, 1.2 MeV RBS spec-
trum, obtained with the 95 nm ZrOs film taken at 30° of
incidence. In all the cases a Si(Li) particle-detector, with
constant efficiency for the analyzed energy range, was sit-
uated at 170° with respect to the ion-beam direction. As
can be observed, this spectrum shows the existence of the
Hf signal, which is due to the presence of this element in
the sputter target used in the present experiment. Fig-
ure 1b shows a detail of the Al signal corresponding to
the RBS spectrum of 3 MeV He incident at 30° on the
150 nm Al;Og film. The stoichiometry of the films was
checked by using the Rutherford backscattering technique
(RBS). The results show that they are, within 3%, in the
right proportion.

We want to stress that the analysis of the straggling
data for each element was done on the Zr signal for the
ZrQ5 case, and on Al signal when we deal with the Al;O3
films. We chose this procedure because in each case the
heavier elements have a larger cross section as compared
with the lighter ones. The straggling was obtained by fit-
ting the measured spectra; in reference [20] details on sam-
ple preparation, experimental and fitting procedure are
explained.

In addition, it is worth to mention that the lowest
energy straggling data for He in Al;O3 (from 30 up to
60 keV) was measured by Eckardt and Lantschner [24]
by using the transmission technique with self-supported
12 nm thin foils. The He beam was provided by an rf
source with a further electrostatic acceleration stage. The
energy analysis was performed by an electrostatic device
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Fig. 1. (Color online) (a) Rutherford backscattering spectrum
corresponding to a 1.2 MeV alpha-particle beam incident on a
95 nm-thick ZrO- film with an angle of incidente 30°. (b) Detail
of the Al signal corresponding to the Rutherford backscatter-
ing spectrum of a 3 MeV alpha-particle beam incident at an
angle 30° on a 150 nm-thick Al,Og film. The line denotes the
fitting to the experimental results (symbols), which was used to
extract the energy-loss straggling. The Si(Li) particle detector
is located at 170° with respect to the incident beam direction.

with an energy resolution (FWHM) of 0.3%. Spectra were
recorded by a multichannel scaler with channels switched
synchronously with the energy analyzer plate potential.
Details of the use of this technique can be found also in
reference [20].

3 Theoretical calculations

Bohr [25] was the first to evaluate the electronic energy-
loss straggling for swift (but non-relativistic) particles
penetrating a thin target, assuming that all the target
electrons are free. The Bohr straggling is given by

Q% . = 4AnZ? 75N, (1)

where Z; and Z5 are the atomic numbers of the projectile
and the target, respectively, e is the elemental charge, and
N is the density of target atoms; for ZrOs (Al2Og3) films
Zy = 56 (50) and N = 2.74 x 1072 molec/A% (2.34 x
102 molec/ A3 ). Since the Bohr straggling applies for free-
Coulomb scattering between a penetrating point charge
and a random assembly of free target electrons, it is a
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common standard reference at the high projectile velocity
limit.

When the irradiated target is a compound, as in the
case of ZrOy and Al;Os, aggregation (physical state and
chemical bonding) effects must be considered, and a de-
tailed description of the involved energy-loss processes is
necessary to calculate the energy-loss straggling in a broad
projectile energy range. The dielectric formalism [26],
which is based in the first order Born approximation,
provides the energy-loss straggling of a projectile (with
atomic number Z; and mass M) travelling with a kinetic
energy I through a target, characterized by its dielectric
function ¢, by the following expression [20]:
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where hw and hk are, respectively, the energy and momen-
tum transferred to the target in an inelastic process, and
Im[—1/e(k,w)] is the energy loss function (ELF) of the
material. This equation also accounts for the processes
of electron capture and loss by the projectile in its path
through the solid, which implies that its charge state ¢
can vary in the range 0 < g < Z; according to a given
probability ¢,.

As the charge equilibrium is reached quasi instanta-
neously after the projectile penetrates into the solid, we
assume that ¢, represents the charge-state fraction at
equilibrium, which depends on the target nature, the pro-
jectile and its energy. The energy dependence of ¢, is
obtained by the parameterization to experimental data
given by [27]. py(k) is the Fourier transform of the pro-
jectile charge-density for the charge-state ¢, which is de-
scribed by the statistical Brandt-Kitagawa model [28,29].
The only target-depending magnitude in equation (2) is
the energy-loss function, Im[—1/e(k, w)], which fully char-
acterizes the electronic excitation spectrum of the target
and accounts for its response to external perturbations.
To obtain reliable values of the energy-loss straggling a
proper description of the target ELF is essential, in such
a manner that it provides a realistic information of the
target electronic excitations and ionizations.

We describe the energy-loss function of ZrOs and
Al5O3 through the MELF-GOS method (Mermin energy
loss function-generalized oscillator strength) [18,22], which
accounts for the loosely bound electrons of the target using
a linear combination of Mermin-type ELF (MELF), fitted
to the experimental ELF at the optical limit (k& = 0).
The inner-shell electron excitations are described by the
generalized oscillator strength (GOS) in the hydrogenic
approach. Also, the MELF-GOS method demands that
the fitting ELF satisfy the f-sum rule [30]. The advantage
of this methodology lies on a realistic description of the
experimental optical energy-loss spectrum, the inclusion
of the finite plasmon lifetime, and an analytical extension
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Fig. 2. (Color online) (a) Optical energy-loss function of ZrOs;
symbols correspond to experimental values from [32] (o) and
from [33] (+) in two different regions, whereas line represents
the fitting from the MELF-GOS model. (b) Optical energy-
loss function of AloOs with symbols representing two different
sets of experimental data covering the same region: A [34] and
O [35]. Lines represent the corresponding fitting curves ob-
tained by the MELF-GOS model.

of the ELF to finite momentum transfers without ad hoc
suppositions [31].

In Figure 2a we show the experimental optical ELF
of ZrOs [32] (black round symbols) together with the
data obtained from X-rays experiments [33] (blue crosses),
which have been fitted by the MELF-GOS method (line)
with the parameters described in reference [6], and where
the electrons from the K-shell of O, as well as the K- and
L-shells of Zr are treated as inner electrons. On the other
hand, there are two set of experimental data [34,35] for
the ELF at the optical limit (k = 0) of Al,Os, which are
depicted by symbols in Figure 2b, where the lines repre-
sent the fitting through the MELF-GOS method to each
set of experimental data; for the Al,O3 target we consider
as inner-electrons the K-shells of Al and O.

4 Results and discussion

The experimental energy-loss straggling of proton and
alpha-particle beams in ZrOs and Al;Og films is presented
in Figures 3 and 4, respectively, as a function of the projec-
tile energy. These experimental data have been corrected
for the effects of foil roughness [36] and cover a wide range
of projectile energies, as mentioned in Section 2, which
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Fig. 3. (Color online) Experimental energy-loss straggling of
ZrO; for (a) proton and (b) alpha-particle beams (symbols
with error bars). The straggling calculated by equation (2) is
depicted by a solid line. For comparison purposes, the Bohr
straggling is shown by a dotted horizontal line.
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Fig. 4. (Color online) Experimental energy-loss straggling of
AlyO3 for (a) proton and (b) alpha-particle beams (symbols
with error bars). The lowest energy data (30 to 60 keV) for He
ions have been kindly provided by Eckardt and Lantschner [24],
who used the transmission technique. The straggling calculated
by equation (2) when using two different sets of optical ELF are
depicted by solid and dashed lines derived from corresponding
to the experimental ELF data of references [35] and [34] respec-
tively, as shown in Figure 2b. The Bohr straggling is shown by
a dotted horizontal line.
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includes in both cases the energies corresponding to the
maximum value of the stopping power.

Lines in Figures 3 and 4 represent the calculated
energy-loss straggling in ZrOs and AlyOs, respectively,
through equation (2), by using the MELF-GOS method
to describe the ELF of each target. In the case of AlyOs3,
where there are two different sets of experimental optical-
ELF data [34,35], we have evaluated the energy-loss strag-
gling in both cases (dashed and solid lines in Fig. 4). De-
spite the difference between the two ELF for Al,O5 used
in our calculations (shown in Fig. 2), no significant dis-
crepancies appear in the calculated 22 with the maximum
difference being ~5%. This similitude of results is mainly
due to two facts. In the first place, the particular details
of the ELF at low transferred energies scarcely affect the
calculated energy-loss straggling. In the second place, in
both fittings to the optical experimental data the ELF
satisfies sum rules [30], which are physical constraints re-
lated directly to the atomic properties of the target; be-
sides, the inner-shell electron excitation spectrum is the
same in both cases. In addition, the w? term appearing in
the calculation of 22, equation (2), gives more weight to
the ELF at large energy transfer, and both experimental
ELF [34,35] are very similar for hw > 100 eV.

The comparison of both, experimental and calculated
energy-loss straggling of ZrOs and AlyO3 films for proton
and alpha-particle beams show a very good agreement, for
all the range of energies considered in this work.

5 Conclusions

The experimental energy-loss straggling of ZrOs and
Al;,O3 for proton and alpha-particle beams is presented
for the first time. These results will be useful for a better
characterization of the energy loss of swift H* and He™
beams in zirconia and alumina films, which are two mate-
rials with important applications. The projectile energies
cover a wide range, which includes the energy correspond-
ing to the maximum stopping power. Comparison with
the results derived from a theoretical model based on the
dielectric formalism together with a realistic description
of the energy loss spectrum of ZrO5 and AlsO3 show an
excellent agreement in the whole energy range of measure-
ments.

We acknowledge the authors of reference [24] for providing
us their unpublished results. This work has been financially
supported by the Brazilian Conselho Nacional de Pesquisas
(CNPq) and the Spanish Ministerio de Ciencia e Innovacién
(Project FIS2010-17225).
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