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Abstract. We report the results of an experimental-theoretical study on the stopping power of ZrO, films
for swift H and He ion beams. The experiments, using the Rutherford Backscattering technique, were done
for protons with incident energies in the range 200-1500 keV and for a-particle beams with energies in the
range 160-3000 keV. The theoretical calculations were done in the framework of the dielectric formalism
using the MELF-GOS model to account for the ZrOs target electronic response. It is shown that for both
ion beams, the agreement between theory and experiment is quite remarkable.

1 Introduction

A good control of the energy deposited by an energetic
projectile in a given target is extremely important for
achieving a reasonable interpretation in ion beam anal-
ysis or a satisfactory result in ion beam modification of
materials [1]. To this end it is essential to know the quan-
tity of main interest: the stopping power of the target,
S, defined as the mean energy lost by the projectile per
unit path length inside the target. In the energy range we
will consider in this work, the energy lost by a projectile
is mainly due to interactions with the target electrons.
Therefore a theoretical evaluation of the stopping power
must take into account in a realistic way the electronic
response of the target to the perturbation caused by the
projectile.

The stopping power has been extensively studied both
experimentally and theoretically for a number of materi-
als [2]; however, there are limited studies of the stopping
power for compound targets. This is due to experimen-
tal difficulties in preparing and manipulating compound
targets for energy-loss measurements.

Among the compound targets, ZrOa, also known as zir-
conia, is one of the most studied ceramic materials due to
its wide range of technological applications [3]. ZrO2 has
useful mechanical properties for manufacturing medical
devices [4] and very good characteristics for engineering
applications [5]. Among other applications ZrOs is used in
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devices working at high temperatures due to its low ther-
mal conductivity, as a diamond simulant in jewellery or
as a refractory material in insulation, abrasives, enamels
and ceramic glazes [6,7]. Moreover ZrOy is an important
high-%£ dielectric material that is being investigated for
potential applications as a gate in future MOSFET tran-
sistors [8,9]. Also, ZrOy plays an important role in the
analysis of the stability against fission fragments of ce-
ramic materials used in inert matrices [10]. Nevertheless,
as far as we know, only few papers have been devoted to
measure the stopping power of ZrOs, mainly for heavy ion
projectiles [11-14].

In the present communication we report experiments
and calculations of the stopping power of ZrO films for
proton and for a-particle beams in a large energy interval.
The calculations are based on the dielectric formalism and
a realistic model to account for the electronic response of
the ZrO; target to external perturbations.

2 Experimental details and data analysis

The ZrOs films were grown on a Si(100) wafer by radio
frequency magnetron sputtering using a ZrOs target (with
a Hf impurity content of 5% wt) and Os/Ar gas mixture
as a sputtering gas. In this way films of thicknesses ¢ = 18,
35, 58, 82 and 92 nm were obtained. The thickness of each
film was achieved by controlling the deposition time and
was further checked by the X-ray reflectivity technique
by using the software WinGixa from Philips. In addition
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Fig. 1. (Color online) High energy part of the RBS spectrum
of a 37 nm thick ZrO- film obtained with a 700 keV He ion
beam. The step on the right side of the Zr peak corresponds to
the Hf component of the target, while the line is only to guide
the eye.

this program provides the density of the film, which is
5.6 g/cm?® (in agreement with the density given by the
manufacturer), and the roughness of the films that is typ-
ically of 0.5 nm. Further details of the sample prepara-
tion and characterization are described in [15]. The typi-
cal error in the thickness measurements was of the order
of 4% and the stoichiometry of the films was checked and
confirmed using the Rutherford backscattering technique
(RBS).

For the H ion beam, the interval covered by the present
experiment was between 200 and 1500 keV and the de-
tector plus electronic resolution was better than 6 keV
(FWHM). On the other hand, for the He ion beam the en-
ergy interval covered was between 160 and 3000 keV, the
corresponding total resolution being better than 10 keV

The samples were mounted on a four-axis goniometer
and the detector was fixed at 120° with respect to the in-
cident beam. For each incident energy, four RBS spectra
were recorded at 0°, 20°, 40°, and 60° between the sample
surface and the beam direction. The selection of the films
was done according to the beam energy. In some cases for a
fixed energy we have repeated the experiment with sam-
ples of different thickness and the results obtained were
quite consistent.

For the data analysis we have used the mean energy
approximation, which in the present case is more suitable
than the surface one, as described and discussed in refer-
ence [16]. Figure 1 shows an RBS spectrum of a 37 nm
thick ZrO» film obtained with a 700 keV He ion beam.
The step on the right side of the Zr peak corresponds
to the Hf component of the original target. It should be
stressed that the RBS spectrum does not reveal the exis-
tence of any other contaminations in the ZrOs film. In the
mean approximation formalism, for a fixed beam-detector
geometry two measurements are necessary at different
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beam-sample geometries in order to obtain the stopping
power at the inward and outward paths along the sample.
In the present case we had four different geometries for the
same energy and consequently we have a set of equations
from which we can obtain the desired stopping power val-
ues with very good precision [15]. Proceeding in this way
for each energy, the stopping power data for H and for
He projectiles were obtained. The main source of errors
is due to the film thickness determination. It should be
stated that all the data analysis was performed on the Zr
component of the film since the spectrum corresponding
to O is superposed on the Si background and hence not
well defined.

3 Theoretical description

The theoretical evaluation of the stopping power of ZrOs
for protons and a-particles has been done using the dielec-
tric formalism [17] and the MELF-GOS model [18,19] to
account for the electronic response of the target to exter-
nal perturbations. The stopping power of a given target for
a projectile of charge ¢ and velocity v, Sy, can be obtained
within the dielectric formalism as

n 2 Joe [

w/v

-1

) O
The target response to an external electromagnetic per-
turbation is contained in the energy loss function (ELF),
m [—1/e(k,w)], which represents the probability for the
projectile to produce an electronic excitation of momen-
tum Ak and energy fw in the material. On the other hand,
the projectile nature appears through the Fourier trans-
form of its electronic density, f,(k), and is modeled here
using the Brandt-Kitagawa theory [20].

At high velocities, projectiles are strongly ionized and
can be described as point charges without structure. How-
ever, at intermediate velocities, electron capture and loss
become relevant and different possible charge states of the
projectile arise. Therefore the total stopping power, .S, will
be a weighted sum of the different partial stopping powers
corresponding to each charge state ¢:

Z1
S=> 645,
q=0

Here ¢4 represents the equilibrium g-charge state frac-
tions of the projectile with atomic number Z;. We take
the ¢, values from a parameterization provided by the
CasP code [21-23], although it should be noted that for
compound targets, such as ZrQO- films, this code applies
Bragg’s additivity rule [24] to the target constituents.
The ELF of ZrOs is described here using the
MELF-GOS model [18,19], which has been success-
fully applied to calculate the energy loss parameters
in compound materials with a complex excitation spec-
trum [15,25,26], similar to the case of ZrOs. This method

(2)
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Table 1. Parameters used in equation (5) to describe the con-
tribution of the outer electrons to the ELF spectrum of ZrO2,
as explained in the text. The mass density of ZrO; is 5.6 g/cmg.
The threshold energy is hiwp,; =4 eV (i = 1-5).

i hw; (eV)  hy (eV) A

1 13.06 2.72 8.24 x 102
2 16.87 8.16 1.82 x 107"
3 24.49 10.07 2.35 x 1071
4 41.36 14.97 2.25 x 1071
5  108.85 498.80  9.47 x 1072

treats in a different way the contribution to the ELF of the
target outer-shell and inner-shell electrons, respectively.

i {m] — M:iloﬂ

Im | ———— :
o |:€(k = 0’ w):|inner

The ELF due to the excitation of outer-shell electrons is
obtained via a fitting to the experimental optical-ELF

(3)

(k = 0) through a linear combination of Mermin-type
ELFs, namely,
—1 —1
Im | —— =) Al
m|:g(k:07 w)]outer ; m|:€M (Wiv%; k:()vw):|
for w > win,i,

(4)

where e, represents the Mermin dielectric function [27],
w; corresponds to the plasma frequency, 7; to the width
and A; to the intensity of the most relevant peaks
in the experimental energy loss spectrum; wy,,; is a
threshold energy which corresponds to the gap energy of
ZrOs (~4 eV) [28]. The corresponding ELF at k # 0 is
obtained through the properties of the Mermin dielectric
function. The optical ELF of ZrOs has been taken from
reference [29], and it is in general accordance with a more
recent determination [30].

The inner-shell electrons are not sensitive to aggre-
gation effects in the compound target and preserve their
atomic character. So they are described by their general-
ized oscillator strengths (GOS) and contribute to the ELF
by means of the following expression [31]

-1 21 N df9 (k, w)
Im [75 (k7 w):|inneT — w ;aj % d(.() ) (5)

where N is the molecular density of the target,
df(Jl) (k,w) /dw is the hydrogenic GOS corresponding to

the (n,1)-subshell of the jth element, and «; indicates the
stoichiometry of the jth-element in the compound target.
For ZrO,, the electrons from the K-shell of O, as well as
the K- and L-shells of Zr are treated as inner electrons.
The method also demands that the resulting ELF will
satisfy the f-sum rule [33] for every k value. The parame-

ters of the fitting used in equation (4) appear in Table 1,
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Fig. 2. (Color online) Energy loss function of ZrO: as a
function of the transferred energy, Aw, in the optical limit
(k = 0). The circles correspond to experimental data from
Frandon et al. [29], the solid line represents the ELF obtained
through the MELF-GOS model [18,19] and the triangles (at
hw > 60 eV) are data derived from X-ray scattering factors
from Henke et al. [32].

and are slightly different from the ones appearing in ref-
erence [19] in order to enhance the agreement with the
f-sum rule, which is now achieved within 99.9%. Figure 2
shows the ELF of ZrO; in the optical limit (k = 0). The
circles correspond to the experimental data from refer-
ence [29], while the line is the ELF resulting from the
MELF-GOS model. The ELF at high values of w compares
satisfactorily with the data obtained from X-ray scatter-
ing factors represented by triangles [32].

4 Results and conclusions

The stopping power S of ZrO- films is represented in Fig-
ures 3 and 4 for H and He ion beams as a function of the
incident energy. The full circles correspond to the mea-
sured experimental results whereas the full lines represent
the theoretical calculation with the MELF-GOS model.
In the right axis of both figures we also show the stop-
ping cross section SCS, defined as SCS = S/N, with
N being the molecular density. As can be observed for
both projectiles the theoretical-experimental agreement is
quite good, despite the large energy interval covered in
the present study. In the case of He ions the energy range
of the experiments includes the maximum of the stopping
power.

We have also included in the figures the predictions
of the SRIM-2008 code [34,35]. These results differ from
the MELF-GOS calculations, in particular in the en-
ergy range corresponding to the stopping power maxi-
mum. These differences represent ~20% of the stopping
power for H ion projectiles and ~15% for He ion projec-
tiles. Note that when no experimental results are available
SRIM obtains the stopping power of compounds by ap-
plying Bragg’s additivity rule. In the case of certain com-
pounds of light atoms, SRIM does offer corrections from
Bragg’s additivity rule, but for compounds with heavier
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Fig. 3. (Color online) Stopping power (left axis) of a ZrOz
film for a proton beam as a function of the incident energy.
The symbols represent the experimental results, the full line
represents our theoretical calculation using the MELF-GOS
model and the dashed line is the prediction of the SRIM-
2008 code [34,35]. The right axis represents the stopping cross
section.
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Fig. 4. (Color online) Stopping power (left axis) of a ZrOz
film for an a-particle beam as a function of the incident energy.
The full circles stand for the experimental results obtained in
this work, open squares correspond to previous experiments
with an error of 4% [13], the full line represents our theoretical
calculation using the MELF-GOS model and the dashed line
is the prediction of the SRIM-2008 code [34,35]. The right axis
represents the stopping cross section.

constituents like Zr, SRIM assumes that no correction is
necessary ignoring thus aggregation effects [36]. As far as
we know, there are no experimental data of stopping power
of ZrO, for protons available, while there are two previous
measurements for He ion projectiles [12,13]. We will not
discuss the first set of data [12] because the authors used
He? instead of He* and the energy scale was not ade-
quate [37]. On the other hand the results of reference [13]
are represented by empty squares in Figure 3, and show a
good agreement with SRIM predictions. Currently we do
not have a plausible explanation for the experimental dis-
crepancies between measurements reported in the present
work and the results of reference [13]. However it should
be stressed that in reference [13] the film thickness was
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obtained by normalizing to the SRIM results the energy
loss of a-particles through the ZrOs films over a wide en-
ergy region [12], while in the present case we have used an
independent measuring technique to determine the thick-
ness of the film.

The mean excitation energy, I, calculated for ZrOq
with the dielectric formalism together with the MELF-
GOS model has a value of 377 eV, which is noticeably
larger than the value of 295 eV derived by interpolation
from the ICRU report 49 [38]. This I value is essential
to determine the behaviour of the stopping power at high
energies using the Bethe formula [39]. This difference in
the I values represents a variation of 8% in the stopping
power of ZrOs for a proton beam at 3000 keV /u.

In summary, we report new measurements of the stop-
ping power of ZrOs films for H and He ion beams, by
using the RBS technique. The projectile energies stud-
ied here range from 200 to 1500 keV for proton beams
and from 160 to 3000 keV for alpha beams. The theoret-
ical calculations using the dielectric formalism together
with the MELF-GOS model show good agreement in the
whole range of projectile energies, in particular for He ions
where the maximum is well reproduced. This feature is a
real challenge for any theoretical-experimental work. This
agreement is founded in a realistic description of the tar-
get electronic response as provided by the MELF-GOS
model.

This work has been financially supported by the Brazilian
CNPq Agency (Contract 150757/2007). EDC acknowledges
support from the Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET), Argentina.
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