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Abstract. We present experimental and theoretical values for the energy loss of H and He ions in Zinc
oxide, in mean value (stopping per unit path length) and mean square value (energy loss straggling).
The measurements were carried out using the Rutherford Backscattering technique for (300-2000) keV H
ions and (300-5000) keV He ions. Present experimental data are the first set of stopping and straggling
values in this oxide. The theoretical research was encouraged considering the molecular description of
ZnO as crystal solid using the density functional theory. The energy loss calculations for H and He ions
with different charge states were performed with the shelwise local plasma approximation (SLPA). The
molecular vs the Bragg-rule description is also discussed. The equilibrium charge state of He inside ZnO
is analyzed based on the present stopping measurements, and a semiempirical charge state distribution is
proposed. Present experimental and theoretical values show good agreement for both the stopping and the
straggling. We also compare our data with the SRIM2013 and with CasP5.2 values.

1 Introduction

In recent years, the wide gap semiconductors, including
Zn0, GaN and SiC, are revolutionizing numerous areas of
developments due to their application in energy-efficient
and environmentally friendly devices, from UV /blue light-
emitting diodes (LED), sensors, photodetectors, to laser
diodes, energy conversion, photovoltaics, communications,
biotechnology, imaging, and medicine [1]. Currently the
interest, especially in ZnQO, is mainly due to the industrial
demand. Some compounds based on ZnO are considered
as promising fast scintillators [2], with a high radiation
hardness and appropriate stopping power. For example,
the ZnO:Zn scintillators containing Li have been devel-
oped for high-counting rate neutron imaging (see [1] and
references therein). The aluminum doped ZnO on polymer
foil is also applied in organic solar cell devices [3].

The interest in ZnO is not only based on its new tech-
nological applications, but also on the fact that ZnO has
been a common material produced commercially at rather
low cost for more than a century. Zinc oxide is available
mostly in powder or thin film form and only recently a
small single crystal ZnO has been produced [4]. In the
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wurtzite crystallize structure, ZnO is a direct band gap
semiconductor with a band gap of 3.44 ¢V [5]. In a very
recent letter [6] an all-optical experimental technique is
presented and applied on a ZnO crystal to reconstruct the
momentum-dependent band gaps.

Despite the extensive research described above, some
basic properties of this material have not been established
so far. Among them are the stopping power and straggling
of light ions in the keV-MeV energy range. In turn these
quantities are fundamental for the interpretation of the
Rutherford Backscattering (RBS) results, which is one of
the most used techniques for the thin film analysis. More-
over, it should be stated that no measurement on ZnO
target is present in the exhaustive collection of stopping
data by Paul [7,8]. Therefore, in this contribution we re-
port the first set of experimental data of energy loss of H
and He in ZnO, including stopping power and straggling.

The present data was measured using the RBS tech-
nique at the facility of the Instituto de Fisica, at the Uni-
versidade Federal do Rio Grande do Sul, Brazil. This re-
search contributes to the study of the energy loss of ions
in different oxides of interest, such as the widely measured
Al»03 [9,10], but also HfO4 [11,12], ZrO4 [13,14], TiO4 [15]
and TapOs [16], for which no previous experimental data
were available in the literature.
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The theoretical description of the energy loss in com-
plex targets is scarce. The MELF-GOS model is an inter-
esting possibility if reliable measurements of the energy
loss function in the optical limit are available [10-16]. In
relation to the atomic values, in 1905 Bragg and Klee-
man [17] predicted that the stopping power of a compound
should be given by the linear combination of the different
constituents. This well-known Bragg additivity rule is still
employed, not only for stopping power, but also for ion-
ization cross sections, considering the single atomic ele-
ments or the small molecular fragments of large molecules
such as the nucleobases [18]. Deviations at intermediate
and low energies occur mainly because of differences in
the electronic structure of the outer shells, where molec-
ular bonds start to become important [19]. A step for-
ward is the core-and-bond approximation (CAB), where
the core and outer electron contributions are separately
considered [20]. The CAB approximation together with
the stopping power data on an important amount of com-
pounds is considered in the SRIM code to deal with stop-
ping in compounds [21].

In this work we face the theoretical challenge of
performing ab-initio stopping power calculations using
the full molecular description of the ZnO in the solid
phase. We use the shellwise local plasma approximation
(SLPA) [22-24] together with the density functional the-
ory (DFT) for the ZnO molecules as crystalline solid. This
procedure has already been applied successfully in a pre-
vious work for TiOy target [15].

The SLPA is a many electron model that can be
adapted perfectly to complex targets. Its inputs are the
electronic densities and binding energies, so as far as a
reliable molecular description of the ground state is avail-
able, the combination with the SLPA is straightforward. It
should also be mentioned that the SLPA deals with atoms
or molecules with the same degree of computational effort.

This paper is organized as follows. First, in Sections 2
and 3 we describe the experimental techniques for the
sample preparation, the RBS measurements and the data
analysis. Details about the SLPA and the DFT calcula-
tions are given in Section 4. Afterwards, in Section 5 the
present experimental data and the theoretical results for
stopping and straggling of H and He in ZnO are presented
and discussed, including an empirical estimation of the
equilibrium charge state of He inside the ZnO. Finally,
the conclusions are summarized in Section 6.

2 Sample preparation and characterization

ZnO films were grown by Atomic Layer deposition (ALD)
at the Institute of Physics, Polish Academy of Science,
Warsaw. The growth processes were performed using
the Savannah-100 reactor from Cambridge NanoTech.
Diethylzinc (DEZn) as a zinc precursor and deionized wa-
ter (DW) as an oxygen precursor were used, while nitrogen
was applied as the purging gas. All films were grown at a
constant growth rate of 0.07 nm/cycle.

Extensive sample characterization is essential for reli-
able stopping power measurements. In a large number of

experiments performed to the date polycrystalline samples
were used. This requires thorough analysis of crystallite
size and their mutual orientation. It should be mentioned
that the rolling texture, typically present in metallic foils,
has been a source of important systematic errors in a num-
ber of stopping power measurements.

Structural characterization was performed using X-ray
diffraction and AFM analysis. XRD measurements were
performed at the Institute of Electronic Materials Tech-
nology, Warsaw, using the Siemens D500 powder diffrac-
tometer, equipped with a high-resolution semiconduc-
tor Si:Li detector and using K,12Cu radiation (A =
1.5418 A). The diffraction pattern was measured in a
(6 — 2°)/20 scanning mode, with a step of 0.05°, counting
time of 4 s/step and 26 range 25°—65°. The deviation of
the specimen surface with two degrees of Bragg-Brentano
geometry was done in order to attenuate strong reflections
from the single crystal substrate. The experimental data
were analyzed by the XRAYAN phase analysis program
and ICDD PDF44 2013 database package of diffraction
standards.

X-ray diffraction profiles revealed the presence of the
Si 004 reflection due to the scattering by the substrate
and three orders of magnitude lower ZnO 00.2 reflexion.
The presence of the latter indicates that the films are of
polycrystalline structure. The average crystallite size of
about 25 nm has been estimated. This means the produced
layers are nanocrystalline and what is very important no
texture has been detected. Very low background level in
diffraction profiles indicates negligible contribution of the
amorphous phase. The results of the present experiments
give place to the following thickness of films: ¢ = 22, 44,
66, 104, 113 and 172 nm. The typical errors are less than
5%.

AFM measurements revealed that all the films are
atomically flat with the Root Mean Square (RMS) of the
surface roughness varied between 0.8 nm for the thinnest
film (22 nm) to 1.6 nm for the thickest one (172 nm).
These results are crucial for the straggling measurements.
The detailed description of sample analysis can be found
elsewhere [25]. The stoichiometry of the films were checked
and confirmed by using the RBS spectrometry.

3 The RBS measurements
3.1 Stopping power

The energy losses of H and He were determined by means
of the RBS technique using the ions beams provided by
the 3 MV Tandetron of the Instituto de Fisica, Univer-
sidade Federal do Rio Grande do Sul. For the H and He
beams, the interval of energy covered by the present exper-
iment was between 300 and 3000 keV and the combined
electronic plus detector resolution were of 8 and 12 keV
(FWHM) respectively. The samples were mounted on a
goniometer and the detector was fixed at 120° with re-
spect to the beam direction. For each incident energy, the
angle between the beam and the normal to the sample was
changed between 0° and 60°. The selection of the sample
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thicknesses was done according to the beam energy. In
some cases two different samples were analyzed with the
same energy and the results were quite consistent with
each other.

The stopping power dFE/dx can be obtained from the
experimental data for the ions backscattered at a depth
2 of the film, through the following relation based on the
mean energy approximation [26]

K x dE T
cosf; dx B

dE

AE(z) =
(@) cosfly dz |g

(M)

out

where AF is the difference between the beam energy at the
surface (Fp) and at the depth z, K is the kinematic factor,
01 (02) is the angle between the sample normal and the
incoming beam (the detector direction), and dFE/dx| B, 18

the stopping power at the energy £;.

Considering (1) for ions backscattered at the back of
the ZnO film, = equals the film thickness Az. When mea-
suring AFE (the difference between Ejy and the energy at
the back signal edge) at two or more different geome-
tries, a system of equations is obtained which allows to
get the stopping values dE/dz|y —and dE/dz|y . For
each energy, four measurements were taken under differ-
ent geometrical conditions (¢; = 0°, 20°, 40° and 60° and
02 = 60° — 01). The energies E;, and E,,; were taken as
the mean values of the values obtained via mean energy
approximation [26]. Proceeding in the same way for each
energy, the stopping powers of ZnO for H and He were
obtained. See reference [12] for further details.

3.2 Straggling

The ion beams were provided by the 3 MV Tandetron,
with incident energies covering a wide range. For H ions
it was from 300 up to 1500 keV, while for He ions it was
from 300 up to 3000 keV. For each incident beam and
energy we have used an appropriate film. In each case we
have recorded three spectra at 0°, 30° and 45° between
the normal of the sample and the incident ion beam. This
procedure was followed in order to improve the present
results precision.

In Figure 1 we show a 1 MeV RBS signal of Zn be-
longing to a 172 nm ZnO film tilted at 30° with respect to
the sample normal. The fits to the Zn signal are displayed
with full lines. Following the procedure related in [11] and
taking into account the RMS natural roughness we were
able to obtain the straggling corresponding to each mea-
sured sample and measured energy.

4 Theoretical model

Our theoretical developments lay over two complemen-
tary models, the SLPA for the energy loss [22—24] (briefly
summarized in Sect. 4.1) and the DFT applied to de-
scribe the ZnO in the crystaline solid face (described in
Sect. 4.2).
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Fig. 1. RBS spectrum for 1 MeV He in ZnO. The symbols
stand for the experimental spectrum. The line is a fit to the
ZnO signal.

4.1 SLPA for the energy loss

We modeled the inelastic processes that take place when
H or He ions interact with the ZnO electrons by using the
SLPA [22]. This approximation works within the dielectric
formalism describing the response of the bound electrons
as a local electron gas with an ionization gap using Levine-
Louie dielectric function for each subshell [27]. The SLPA
is not an independent particle approximation, it includes
single and collective processes, the dynamic screening of
the projectile charge, and the electron correlation in the
final state. The main limitation is that it is a perturbative
formalism, valid for asymmetric collisions and high ener-
gies, i.e. Zp < Zp,and Zp/v < 1, with Zp (Zr) being the
projectile (target) nuclear charge and v the impact veloc-
ity. In addition, it is an impulse type approximation [28]
and assumes that the time of response of target electrons
is larger than the collision time, i.e. the ion impact veloc-
ity larger than the mean velocity of the bound electrons.
Within this frame, the SLPA probed to describe the dif-
ferent energy loss moments, such as the ionization cross
sections [29-32], the stopping power [23,24,33] and the
energy loss straggling [34,35], in good agreement with the
measurements.

Considering the inelastic collisions of the ion and the
cloud of target electrons with binding energy F,,; and local
density pni(r), the SLPA expression for the energy loss
moment of order ¢ (¢ = 0 for the ionization cross section,
t = 1 for the stopping power, t = 2 for the square energy
loss straggling) is given by

W _ 2 [*[Zp(k)]? /k” iy -1
Sy _7rv2/0 A dk ; w'Im et (I, ) dw,

(2)

with

m Lnl(_/fl»w)] B /Im LLL(/‘J»%;;(I"LEM)} dx, (3)
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and with e2*(k,w, pni, Enr) being the Levine-Louie dielec-
tric function [27]. The importance of using this dielectric
function is the explicit inclusion of the binding energies.
The total energy loss moment will be the addition of the

shell to shell contributions, S® =3 Sr(fl). More details
about the SLPA can be found in [36], and a review on this
approximation in [22].

We include the ion charge state in (2) as Zp (k) to take
into account the dressed ions (i.e. He® and Het) and the
screened nuclear charge. Note that this is not a constant
effective charge. It is calculated considering the wave func-
tions of the ion bound electrons using Hartree-Fock tables
for neutral and for positive ions by Clementti-Roetti [37],
and transformed to the momentum space. For bare ions it
is just Zp. An analytical fitting of the exact values for ions
Het? to Net? can be found in [22] together with tables
for the different ions.

When the ion travels inside the solid, ionization and
capture processes take place leading to an equilibrium
charge state, which depends on the ion velocity. At high
energies, electron loss prevails over capture and the ion
ends stripped from bound electrons. We performed the
SLPA calculations for the different possible equilibrium
charge states of the ion by using (2) and (3). In this equi-
librium regime (many collisions inside the bulk), the total
stopping can be approximated as

Zp
S =D fa(0)SY, (4)
=0

with fy(v) being the charge fraction of H™? (¢ = 0,1) or
Het? (¢ = 0,1,2). The mean charge state is gmean(v) =
Zq q fq (U) :

Total stopping power calculations are very sensitive to
these values. In some cases experimental values are avail-
able. Well-known fittings of the experimental mean charge
states are those by Grande and Schiwietz [38], and by
Ziegler et al. [39] (included in the SRIM code [21]). Both
proposals, while different, show good descriptions of the
stopping cross sections tested on an extended ion-target
sampling. However, measurements of equilibrium charge
states for the different projectile-target combinations, in-
cluding compounds, are still necessary. Particularly, there
are no experimental values on Zn or ZnO. Experimen-
tal and theoretical works are still focused on this sub-
ject [40-45] due to the relevance of reliable values of the
charge state distributions of ions through matter. We will
return to this point in Section 5.2.

4.2 DFT for ZnO

We resort to the density functional theory (DFT) to ob-
tain the ZnO electronic density, the binding energies,
the cohesive energy, and the band structure. The ra-
dial wave functions of the core electrons, the pseudo-
potentials and the pseudo-atomic orbitals of the valence
electrons were generated by means of the ADPACK

. Zn @0

Fig. 2. The wurtzite crystal structure electron density.

plane (00 1)

and OpenMX codes. These codes solve numerically the
non-relativistic Kohn-Sham equations under the general-
ized gradient approximation (GGA) with a Troullier and
Martins scheme [46], and following the developments of
Perdew, Burke and Ernzerhof [47], also known as GGA-
PBE. The calculations were carried out for the Zn?T-02~
configuration, i.e. the valence band O-2p completely filled.
A similar procedure was introduced in [15] for TiOs.

We assumed ZnO to be hexagonal zincite in space
group 186 with Hermann Mauguin notation P63/mc [48]
(see Fig. 2). The lattice constants were determined by en-
ergy minimization per molecule. We obtained a = 3.29 A
and ¢ = 5.40 A, very close to the experimental values
a =3.2495 A and ¢ = 5.2069 A [48]. We also calculate the
cohesive energy of ZnO, —6.85 eV, while the experimen-
tal one is —7.52 eV (deduced from experimental Zn heat
vaporization, ZnO enthalpy of formation, and O2 bind-
ing energy for the wurtzite phase [49]). Some authors [50]
consider that the DFT-GGA severely underestimates the
gap. This is not the case for present calculations. We ob-
tain a band-gap of 3.65 eV, where experimental value is
3.44 eV at low temperatures and 3.37 eV at room tem-
perature [51,52]. This value is rather good, though 7%
above the experimental value. Present results for the band
structure of ZnO using DFT-GGA-PBE calculations are
displayed in Figure 3.

The binding energies of the target electrons are impor-
tant inputs for the SLPA calculations. Present DFT-GGA
results for the ZnO valence electrons (in atomic units) are
E,, = —0.355 for the 0%~ and E35 = —0.395 for the
Zn?*. These energies are around half of the corresponding
atomic ones (Fg, = —0.632 and Esq = —0.783 [37]). This
is interesting because the SLPA describes the response of
the ZnO valence shell as separate clouds of the six O-2p
electrons and the ten Zn-3d electrons, with rather similar
binding energies and mean velocity around 0.9 a.u. The
contribution of these subshells is very important at the
energies of the stopping maximum. We will return on this
point in Section 5.2.

The other input for the SLPA is the target elec-
tronic density. The quality of the DFT-GGA-PBE can
be verified by comparing the calculated electronic den-
sity with the experiments of Compton scattering [53]. In a
non-relativistic and high-energy transfer regime, theoret-
ical calculations for isotropic Compton profiles are com-
monly performed under the impulse approximation. It is
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Fig. 4. Compton profile of ZnO. The solid curve indicates
the present DFT-GGA calculation, whereas the circles are the
experimental data from reference [53].

assumed that energy and momentum are conserved. This
approach is expected to be valid when the energy trans-
ferred in the scattering process is much greater than the
binding energy of the electron orbital [54].

The isotropic Compton profile (in atomic units) under
the impulse approximation, is defined as:

Ta) =y [ nwpap 5)

dp

where n(p) is electron momentum density related to the
square of the Fourier transform of the radial wave func-
tion, p is the electron linear momentum before the collision
(in module), and ¢, is the projection of the momentum
transfer on the direction of 7.

Present DFT-GGA-PBE results for the Compton
profile of crystaline ZnO are compared with Kumar
et al. [53] measurements in Figure 4, showing a very good
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Fig. 5. Stopping power of ZnO for protons. Symbols: filled
circles, present data; hollow triangle, [56]. Curves: solid line,
present SLPA calculations with DFT molecular values for
ZnO; dashed-line, SLPA for ZnO using Bragg rule (atomic Zn
and O); dotted-line Casp5.2 values [38,57-59]; grey-solid line,
SRIM 2013 values [21].

description of the data. This method has already been
tested for TiO2 [15] with very good agreement too, as
noted in reference [55].

5 Results and discussion
5.1 Stopping and straggling of ZnO for H

In Figure 5 we display the present experimental data
(filled squares) and the theoretical values (solid curve) for
the mean energy loss per unit path length, dE/dz, of H
in ZnO bulk. The stopping per unit path length given
by reference (4) relates to the stopping cross section per
molecule as S p = dE/dx. In the present case, the den-
sity of ZnO molecules is p = 4.148 x 10?2 molecules/cm?.

There is only one previous value available in the liter-
ature for stopping of H by ZnO by Bondiaux et al. [56], at
3 MeV, which is also displayed in Figure 5. The tendency
of the present data is in agreement with this value. The
SLPA results shown in Figure 5 have been obtained using
the DFT-GGA molecular values for ZnO as described in
Section 4.1.

For impact energies E > 300 keV, the equilibrium
charge state of H is +1, so in the energy range of present
experimental data the description of the HT-ZnO collision
is enough. Following [38], the extension of present SLPA
results to energies below 200 keV should consider the pres-
ence of HC inside ZnO. In that case, the total stopping of
H in ZnO for F < 200 keV would be lower than the results
shown in Figure 5.

We also include in Figure 5 the SLPA calculations
using Bragg rule (adding the atomic results for Zn and
0), the predictions of the convolution approximation for
swift particles (CasP5.2) [57-59], and the semi-empirical
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Fig. 6. Square energy loss straggling of H ions in ZnO, nor-
malized to Born value. Symbols: filled circles, present data.
Curves: solid line, present SLPA calculations with DFT molec-
ular values for ZnO

SRIM2013 values [21]. It is worth to mention that SRIM
values for H in solids only consider the +1 charge state.

Our full-molecular SLPA-DFT results in Figure 5
(solid-line) correctly describe the present experimental
values. It is fair to say that also the atomic SLPA results
using the Bragg rule (dashed-line) agree quite well with
the high energy measurements. The different predictions
for the stopping of H in ZnO included in Figure 5 describe
the data for £ > 300 keV/amu and differ for lower ener-
gies. The differences around the stopping maximum can-
not be solved without measurements in this energy region.
The SLPA probed to be valid for energies somewhat lower
than the stopping maximum [22]. But it is a perturbative
approximation, to lower energies the Barkas effect should
be estimated [44], or a non-perturbative model should be
used.

In Figure 6 we display present experimental and
theoretical values for the square energy loss straggling
per molecule, 2° = St(gt)al given by (4). These val-
ues are normalized to Bohr high energy limit 2% =
dm Z% Zrp Az [60], with p being the target density
and Az being the width. The agreement is quite good
in the whole experimental energy range. Straggling mea-
surements represent a highly demanding test of the sample
preparation described in Section 2.

5.2 Stopping and straggling of ZnO for He

We performed the SLPA calculations for He, Het, and
He™?2 using (2) with the corresponding screening functions
Zp(k). In the equilibrium regime the total stopping is ob-
tained considering the ion charge state at each impact ve-
locity as expressed in (4). Present stopping measurements
suggest that the charge state of He in ZnO is close to +2,
even at 400 keV/amu. This value is greater than CasP
code prediction based on the fitting in [38] for atomic tar-
gets and Bragg rule [17].

The charge state of fast ions moving through matter
fluctuates due to electron loss and capture processes. After
a large number of collisions, an equilibrium charge state is
reached, which is independent of the ion incident charge
state, it only depends on the impact energy and the target.
This subject has been extensively studied for ions through
gaseous and solid media. Reviews on this can be found
in [61] and more recently in [62].

A benchmark for the equilibrium charge state is the
known Thomas-Fermi (TF) charge, based on Bohr strip-
ping criteria [45]

Geq = Zp[1 — exp(—v/ZH%)). (6)

More complex theoretical developments are based on TF
function [63]. An analytical fitting formula based on this
model has been recently given by Sigmund [62] as

1— exp(—1.43 v/ZH?)

: (7)
1+ exp(—3.56 v/Z2*)

Geq = Zp

Empirical fittings for specific ion-target combinations are
also available in the literature, [64-66], including a recent
two-parameter fitting for heavy ions in different targets by
Sagaidak et al. [43]. Of course, all the different ion-target
systems cannot be covered. Betz proposal [64] is to fit the
measured equilibrium charge as

Geq = ZP []- -« exp(—v/Z;)], (8)

with « and v being fitting parameters for specific ion-
target data. TF model predicts v = 2/3, while for To and
Drouin it is v = 0.45 [65].

Perhaps the most accurate proposal of equilibrium
charge state of ions in matter is that by Schiwietz and
Grande [38], highly probed for different systems and used
in stopping power calculations. It is based on a universal
scaling (different projectiles and targets) ratified by an
important amount of experimental data. This empirical
scaling and fitting is employed in CasP code [38] and in
many other stopping power calculations [15,23].

For compounds many of the semiempirical models use
Bragg rule [17] despite the fact that for cases such as ZnO,
it is a semiconductor with a clear band gap, while Zn is a
metal, and the ratio between loss and capture cross sec-
tions is expected to be quite different. In previous cal-
culations of stopping of He in oxides [15] we obtain the
stopping cross sections using the values of the equilibrium
charge fractions at each impact velocity supplied by the
CasP code [38]. However, we found experimental evidence
of He?* at lower energies than those predicted by [38]. In
this contribution we estimate empirically the mean charge
state of He inside ZnO as the square root of the ratio of
the present He to H stopping measurements,

Geq = V/S(He)/S(H). 9)

This value is also called effective charge [39], and has been
extensively used and discussed in stopping power calcula-
tions. At high energies the energy loss depends on the ion
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Fig. 7. Mean charged state of He inside ZnO. Symbols: filled
squares, present data. Curves: solid line, present semiempiri-
cal proposal; dotted-line, Casp values [38]; dashed-line, stan-
dard TF expression in (6); dashed-dotted line, Sigmund for-
mula given by (7) [62].

charge as Z% (perturbative regime). Lower values are ex-
pected for intermediate to low energies (saturation, non-
perturbative regime, presence of Het ions). A review on
the advantages and failures of the effective charge concept
can be found in [45].

We decided to evaluate the charge state of He in ZnO
by comparing our stopping measurements for He and H
ions, and calculating the empirical g, given by (9). In
Figure 7 we display present experimental values for g., at
ion energies £ > 300 keV/amu. The interesting point is
that it is an insight on the charge state inside the solid.
As expected, at high energies the measured g4 is close to
the nuclear charge, and it is slightly below +2 for (300 <
E < 400) keV/amu. Based on these results we propose an
empirical function for g.,(v) of He inside solid ZnO, also
displayed in Figure 7 (solid line). This proposal considers
the experimental values for energies E > 400 keV/amu,
and extend it to lower energies. We take into account the
experimental error in this fitting following the smallest
value for £ < 600 keV/amu. The criteria was to change
the least possible from the universal scaling by Grande and
Schiwietz in [38], also displayed in Figure 7. Our curve can
be fitted by a Betz type function, given by (8), with v =
0.45, as suggested by To and Drouin [65]. We also include
in Figure 7 the results given by (6) and (7). Of course, the
accuracy of TF theory is expected to be valid for ions with
atomic number larger than 2, however, the agreement of
Sigmund formula (7) with present measurements in this
figure is amazing.

In Table 1 we present the numerical results of present
empirical function for He in ZnO. The charge state frac-
tions f,(v) were obtained considering that in the energy
range of present experiments only He™? and He' can
be found inside the ZnO. It can be noted that the dif-
ference with respect to [38] is only for energies below
500 keV /amu. We use the values in Table 1 to obtain the
total stopping using (4).
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Table 1. Equilibrium charge state of He in ZnO as function
of the ion energy (F in keV/amu). Charge fractions f; (in
percentage) and equilibrium charge state geq (in atomic units)
correspond to the fitting in Figure 7. The ¢¢;P are obtained
from the ratio of our stopping measurements as in (9). Also

included are the CasP values [38], qfqasp.

E fo i 2 Geq deg” aea=’
30 15.0 725 12,5 0.97 0.611
50 39 686 275 1.24 0.828
100 0.0 489 51.1 1.51 1.19
200 0.0 25.8 742 1.74 1.56
300 0.0 155 855 1.84 1.95+£ 0.07 1.75
400 0.0 101 899 190 1.98 &+ 0.09 1.86
500 0.0 7.0 93.0 193 2.02+£0.10 1.92
600 0.0 52 948 195 2.06 &+ 0.10 1.95
800 0.0 29 971 197 2.00 £ 0.08 1.98
900 0.0 23 977 198 2.01 £ 0.09 1.99
1000 0.0 1.8 98.2 1.98 197 4+ 0.09 1.99
1250 0.0 1.2 98.8 1.98 2.00 £ 0.10 2.00
1500 0.0 0.7 99.3 1.99 2.00
2000 0.0 0.4 99.6 2.00 2.00
5000 0.0 0.0 100 2.00 2.00
_I — II”HIHeQI S i
60 _He in ZnO ¢
50 4
< _
3 40
)
5 30 -
i
©
20, B Present exp for He T
L @ Present exp for H x 4
= SLPA-DFT for ZnO
10 CasP 5.2 .
L e SRIM 2013
O 1 n n n PR | n n n PR R |
10° 10° 10°

Energy (keV)

Fig. 8. Stopping power of ZnO for He ions. Symbols: filled
squares, present measurements for He ions; filled circles,
present data for H ions xZ%. Curves: solid line, present
SLPA calculations with DF'T molecular values for ZnO; dotted-
line Casp5.2 values [38,57-59]; grey-solid line, SRIM 2013
values [21].

In Figure 8 we display our experimental data and theo-
retical results for the stopping power per unit path length
of He ions in ZnO. The molecular SLPA calculations for
ZnO were performed considering the different He ions
(He", He' and He™?), and the f, values displayed in Ta-
ble 1. Present measurements for He in ZnO cover the stop-
ping maximum. The SLPA results show good agreement
with the experimental measurements in the extended (0.3
10) MeV energy region. We also display in this figure the
present measurements for H in ZnO x 4. The experimen-
tal agreement among He and H x Z% measurements above
1400 keV is clear, indicating that Barkas contribution
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Fig. 9. Square energy loss straggling of He ions in ZnO, nor-
malized to the Born value. Symbols: filled squares, present
data. Curves: solid line, present SLPA calculations with DFT
molecular values for ZnO; grey dashed dotted-line, similar cal-
culation only for He*? ions.

(Z3 dependence) is negligible in this region. These data
also agree quite well with the SLPA results for He™? shown
in Figure 8. The difference between this Het? curve and
the total one is due to the He™! and He® ions at interme-
diate and low energies.

Also in Figure 8 are the predictions by the CasP5.2
code [38,57-59] (binary collisional model, includes Barkas
contribution) and by the SRIM2013 algorithm [21]. The
different descriptions agree rather well with the new data,
with the SRIM values being somewhat low, but within the
experimental error. The SLPA and the CasP5.2 curves are
together above 1 MeV, below 600 keV the SLPA shows a
better description of the experimental data. In this energy
region the response of the valence electrons is decisive. We
found that the ZnO outer electrons (2p of O~ and 3d of
Zn*?) are the main contribution to the stopping power for
He impact energies up to 2 MeV. This covers the stopping
maximum, reinforcing the DFT description of the ZnO
molecule and its binding energies, as mentioned in Sec-
tion 4.2. The SLPA-experimental agreement displayed in
Figure 8 is quite good down to 300 keV, feature that can
be assigned to the collective character of the theoretical
treatment. The presence of dressed ions (He® and He™)
and the dynamic screening of the ion by the target elec-
trons (collective response) reduce the effective potential
and expand the validity of our perturbative approach. For
lower energies, the contributions of higher perturbative
orders such as the Barkas-Andersen effect are important.
However, this effect is not straightforwardly quantified for
dressed ions [44].

Present measurements and calculations for the square
energy loss straggling are displayed in Figure 9. The full
SLPA calculation, considering the charge states of He in
ZnO given in Table 1, is in very good agreement with the
present data. This is a second test for our proposal.

The square energy loss straggling normalized to Bohr
(2% o Z2) is almost insensitive to the ion charge (at least

H and He in ZnO

0.8

0.6

oW/o%

02F

00 1 1 1
10° 10° 10*
Energy (keV/amu)

Fig. 10. Square energy loss straggling of H and He in ZnO,
normalized to the Born value. Symbols: grey hollow-squares,
present data for H ions, black filled-squares, present data for
He ions. Curves: black solid line, present SLPA-DFT values for
He in ZnO; grey solid-line present SLPA-DFT calculations for
H in ZnO

for low charged ions and intermediate to high energies). In
Figure 10 we plotted together the experimental and theo-
retical values for the energy loss straggling in ZnO for H
and He ions. We can note that the measurements for H
and He in ZnO are quite close above 300 keV /amu. This
is the expected behavior and reinforces present measure-
ments of the energy loss straggling.

6 Conclusions

In this work we present a theoretical-experimental study
of the stopping and straggling of H and He ions into ZnO
matrix. The theoretical approach is based on the SLPA
formalism, with DFT to describe the ZnO crystal; while
the experiments were realized using the RBS technique.
The theoretical-experimental agreement for the stopping
power values is quite good. In the particular case of the
He data, they reproduce very well the predicted maxi-
mum stopping power, feature that is not easy to achieve.
It would be worthwhile to mention that the theoretical
results are in general very sensitive to the charge state of
the ions inside the matrix. In the present case we have
considered HT for the H ions in view of their high velocity
inside the ZnO sample. This is not the case for He where
He, Het and He*? contribute to the stopping power. We
give a semiempirical proposal for the charge states of He
inside ZnO bulk based on present measurements of the
stopping power. Down to 500 keV the present and the
CASP predictions concerning the mean charge agree, how-
ever for lower energies there is a small difference, which
strongly reflects on the stopping power results. At vari-
ance, the straggling results are not too much sensitive to
the charge state. The theoretical-experimental agreement
for the energy loss straggling is very good for both, H and
He impact.
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