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We report on the lattice location of implanted Ni in ZnO using the f

emission channeling

technique. In addition to the majority substituting for the cation (Zn), a significant fraction of the
Ni atoms occupy anion (O) sites. Since Ni is chemically more similar to Zn than it is to O, the
observed O substitution is rather puzzling. We discuss these findings with respect to the general
understanding of lattice location of dopants in compound semiconductors. In particular, we discuss
potential implications on the magnetic behavior of transition metal doped dilute magnetic
semiconductors. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820254]

Despite being extensively investigated for more than ten
years, the existence of intrinsic room-temperature ferromag-
netism in wide-gap dilute magnetic semiconductors (DMS),
such as 3d transition-metal doped ZnO and GaN, remains a
topic of intense debate.'* ZnO doped with Ni (either during
growth™* or by ion implantation®®) is a good example of
that, with similar magnetic behavior being ascribed to intrin-
sic ferromagnetic order in some cases,”° and ferromagnetic
secondary phases in others.*”*

Since the magnetic behavior of a specific dopant-host
combination is largely dependent on the material’s local
structure, the precise determination of the dopants’ lattice
location is crucial for the understanding of DMS materials.
In ZnO doped with Ni (high doping regime, i.e., few atomic
%) either during growth®™'! or by ion implantation,® Ni has
been found to substitute only the cation (Zn), based on
extended X-ray absorption fine structure (XAFS)
experiments.®”~'! Making use of f emission channeling,
we have also observed pure Zn substitution by 3d transition
metals, namely, Fe (Ref. 12) and Cu,13 in the very dilute re-
gime (<0.02 at. %). However, for other 3d transition metals
(Mn and Co), also in the very dilute regime, we have
recently observed minority O substitution (~20%),'* which
is remarkably unexpected based on the general understand-
ing of lattice site preference of impurities in compound semi-
conductors. Such a dependence on transition metal impurity,
without an obvious trend across the 3d series for example,
a clear dependence on atomic number Z: Mn (Z=25), Fe
(26), Co (27), Cu (29) suggests the existence of an intricate
underlying mechanism which is yet to be understood.
Crucial for the formulation of such a mechanism is a com-
prehensive investigation of the conditions under which anion
substitution occurs, in particular, regarding which transition-
metal/host combinations can accommodate it.
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Here, we report on 5 emission channeling studies of
the lattice location of implanted Ni (Z=28) in ZnO, in the
very dilute regime (<0.02 at. %). Emission channeling'’
makes use of the charged particles emitted by a decaying ra-
dioactive isotope. The screened Coulomb potential of atomic
rows and planes determines the anisotropic scattering of the
particles emitted isotropically during decay. Since these
channeling and blocking effects strongly depend on the ini-
tial position of the emitted particles, they result in angular
emission patterns around major crystallographic axes which
are characteristic of the lattice sites occupied by the probe
atoms. As radioactive probe, we used Ni (1 2 =2.5h),
which has recently become available at the on-line isotope
separator facility ISOLDE at CERN. ®Ni is produced by
means of 1.4GeV proton-induced fission from uranium
carbide targets, and following outdiffusion from the target
and element-specific ionization by means of a laser ion
source,'®!” is available as an isotopically pure ion beam.
The ®Ni nuclei decay to stable ®>Cu by means of f emis-
sion with an endpoint energy of 2.137MeV and an average
f energy of 629keV. A commercially available ZnO wurt-
zite [0001] single-crystal (CrysTec GmbH), hydrothermally
grown and Zn-face polished, was implanted at room temper-
ature with a fluence of 2 x 10"*cm ? of ®Ni. The implanta-
tion was performed under a tilt angle of 17° to minimize ion
channeling, using an energy of 50keV, resulting in a peak
concentration of 7.0 x 10" cm 2 (0.017 at. %) at a projected
range of 231 A with a 109 A straggling, as estimated using
SRIM."® In this low concentration regime, phase segregation
and extended beam induced disorder are minimized, both of
which occur for Ni concentrations in the atomic % range®®
(discussed in more detail below). Angular-dependent emis-
sion yields of the § particles were measured at room tem-
perature along four crystallographic directions, [0001],
[1102], [1101], and [2113], in the as-implanted state and af-
ter in situ capless annealing in vacuum (<10 °mbar) at
300°C, 600°C, and 900°C. These patterns were recorded
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using a position- and energy-sensitive detection system simi-
lar to that described in Ref. 19. Given the short half-life of
5Ni, this system was installed on-line and upgraded with
self-triggering readout chips for the Si pad detectors, ena-
bling measurements during and/or immediately after implan-
tation with count rates of up to several kHz.?

Quantitative lattice location is provided by fitting the
two-dimensional experimental patterns with theoretical ones
using the fit procedure outlined in Ref. 21. The theoretical
patterns were calculated using the manybeam formalism'
for probes occupying various sites in the wurtzite ZnO struc-
ture:>? substitutional Zn (S,,,) and O (So) sites with varying
root-mean-square displacements, the main interstitial sites,
i.e., tetrahedral (T), octahedral (O), hexagonal (H), bond-
centered (BC), and anti-bonding (AB), as well as interstitial
sites resulting from displacements along the ¢ or the basal
directions. For all four measured directions, the calculated
Sz, patterns gave by far the best agreement, showing that the
majority of the probe atoms occupy Sz, sites, as expected.
The fitting routine was then allowed to include, in addition
to Sz,, an additional lattice site, for which all simulated sites
were considered. Consistently, for all measured directions,
the S, + So double occupancy gave the best fit compared to
all other combinations, and considerably improves the Sy,
single-site fit, with up to 25% lower reduced y*. This is illus-
trated in Fig. 1, showing the reduced y? of the fit as the non-
Sz, site is moved along the c-axis between two neighboring
Sz, sites (these sites are indistinguishable along the [0001]
direction, which is therefore not included). Consistently, for
all three directions, the best fits are centered at the Sq site.
The sensitivity of the fit (in terms of magnitude and “width”
of the improvement in ) is correlated with the spatial sepa-
ration between Zn and O rows along the channeling axis
(depicted in the bottom right hand corner of Fig. 1), being
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FIG. 1. Reduced y? of the fits to the experimental emission yields in the vi

cinity of the [1102], [1101], and [2113] directions (following 300 °C anneal

ing). Each data point corresponds to the best fit obtained using two given
sites, with the corresponding two fractions as free parameters. The site pairs
are composed of Sz, plus each of the simulated sites along the ¢ axis
(depicted above the plot): the Sp and the T sites, the BC and AB sites along
the ¢ axis, and a number of intermediate positions. The x axis corresponds
to the position (along the ¢ axis) of the non Sz, site used in each fit. The
reduced y* (y axis) of these two site fits are normalized to that of the one

site (Sz,) fit. The non equivalent rows of Zn and O atoms, projected on the
plane perpendicular to each of the axes, are also shown (right). Note that the
separation between Zn and O rows is maximized along the [2113] axis.
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most pronounced for the [2113] direction. The good match
between experiment and simulated patterns is illustrated in
Fig. 2 which compares the normalized experimental f
emission yields following annealing at 300 °C along the four
measured directions [(a) (d)] with the best fits of theoretical
patterns [(e) (h)]. The best fit is obtained for 79% of the %SNi
atoms on Sz, (Niz,) and 21% on S sites (Nip). Introducing
a third site yields only insignificant fit improvements.
Possible fractions in other sites are estimated to be below
5%. Figure 3 summarizes the output of the fitting procedure,
i.e., the fractions of ®Ni probes in S, and Sg sites as a func-
tion of annealing temperature. Within the experimental error,
the Nip fraction remains constant around 20%, up to the
highest annealing temperature of 900 °C.

In compound semiconductors, chemical similarities
between impurity and host elements usually determine the
preferred lattice site and hence all the magnetic (e.g.,
Fe,.),'? electric (e. g., Iny,),>> and optical (e.g., Erz,)>* prop-
erties of impurities. Therefore, the observed anion (O) sub-
stitution by a transition metal impurity, such as Ni, is rather
unexpected, since the electronegativity and ionic radii of Ni
are much closer to those of Zn than of O. In the previous lat-
tice location studies on ZnO thin films doped during growth
(high doping regime, i.e. few atomic %), the XAFS spectra
have been satisfactorily fitted with pure Zn substitution (e.g.,
Refs. 9 and 10). Lattice location studies on Ni-implanted
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terns in the vicinity of the [0001], [1102], [1101], and [2113] directions fol
lowing annealing at 300 °C. (e) (h) Corresponding best fits with 21% and
79% of the ®Ni atoms on S, and S sites, respectively.
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FIG. 3. Fractions of ®Ni impurities on Sz, and S sites following each
annealing step.

ZnO are very scarce, especially in the low concentration re-
gime studied here. In the high concentration regime, precise
lattice location is hindered by the highly disordered sur-
roundings of the Ni impurities. For example, in ZnO thin
films implanted with Ni to concentrations of 1 10 at. %, the
majority of the Ni atoms are located in regions so heavily
disturbed that the local wurtzite environment is lost,° making
it also difficult to identify (or even define) any lattice site
(including O-substitutional sites). Relevant for this discus-
sion is also the reported segregation of Co into intermetallic
CoZn inclusions in Co-doped ZnO (high Co doping regime,
during thin film growth), detected by XAFS.? In principle,
if a similar NiZn phase would form, it could potentially lead
to a fitted Nig fraction. However, these intermetallic phases
are incommensurate with the ZnO wurtzite structure.
Therefore, even if a large fraction of the Ni impurities would
have segregated into such phases, only a very small fraction
would be aligned with the axes containing the O sites (simul-
taneously along the four measured crystallographic direc-
tions), and the majority of the Ni impurities would actually
be located in poorly aligned sites (i.e., would contribute with
a random fraction). This scenario is inconsistent with our
data, since virtually all the Ni (within an experimental uncer-
tainty of a few %) is located in high-symmetry Zn and O
sites. Furthermore, such pronounced segregation (>20% of
the Ni impurities) is extremely unlikely to occur in our case,
given the very low Ni concentration and the fact that the Nig
fraction is observed after implantation at room temperature
(i.e., even before high-temperature annealing).

Despite being very unexpected, O substitution by Ni in
Zn0O is in line with our previous reports of minority anion
substitution by implanted Mn and Co in ZnO (Ref. 14) as
well as Mn in GaN (Ref. 26) (GaN is closely related to ZnO
in crystal structure, bandgap, defect chemistry, ...). The non-
equilibrium nature of ion implantation (used here and in
Refs. 14 and 26) may play a favorable role, since the high
concentration of O vacancies created upon implantation is
likely to facilitate impurity incorporation in O sites.
However, such argumentation does not explain why, under
very similar experimental conditions, anion substitution does
not occur for Fe (Ref. 12) and Cu (Ref. 13) (Mn, Fe, Co, Ni,
and Cu are all 3d transition metals, with a similar atomic
mass, and therefore, similar incorporation kinetics). A partic-
ularly interesting case to compare to the observed anion sub-
stitution (i.e., substitution of other than the expected host
element) are group V impurities (e.g., As and Sb) in ZnO.

Appl. Phys. Lett. 103, 091905 (2013)

These impurities are considered as potential p-type dopants
if substituting for O. However, we have previously shown
that, instead, As (Ref. 27) and Sb (Ref. 28) substitute for Zn,
i.e., contrary to what one would expect from their position in
the periodic table. The Zn-site character of As and Sb can, in
principle, be explained by the large size mismatch of As>"
and Sb>" with O*" but the good match with Zn*t, by the
match of electronegativity, and by their character as semime-
tals.””-*® However, none of these arguments help explaining
the observed minority O substitution by transition metals, on
the contrary. As mentioned above, the electronegativity and
ionic radii of Ni are much closer to those of Zn than of O
and, in addition, 3d transition metals are chemically more
similar to post-transition metals such as Zn than to non-
metals such as O. In fact, the observed O substitution is so
unexpected that theoretical considerations of the phenom-
enon are very limited. The case that has been considered the-
oretically which most resembles anion-substitutional
transition metals is the Zn antisite (Znp). Depending on the
growth conditions (Zn- or O-rich) and Fermi level, Zng
charge states of up to 4" have been predicted to be stable,
with the 2%/3" and 37/4% levels lying deep in the
bandgap.?”~? Interestingly, the formation energy of Zn40+
can be very small, even negative, under metal-rich condi-
tions and for a Fermi level close to the valence band maxi-
mum. Therefore, granted that the 37/4™ levels of Mng, Coo,
and Nig lie above the Fermi level, it is conceivable that the
formation energies of such defects may indeed be small
enough to allow for sizable concentrations. Conversely, if
the 37/4" levels of Fep and Cug, lie deeper in the bandgap,
below the Fermi level, such defects cannot form in signifi-
cant concentrations (since the formation energy for the lower
charge states can be expected to be larger” ). Such a selec-
tivity mechanism would explain why we observed O substi-
tution for some transition metals (Mn, Co, and Ni) and not
for others (Fe and Cu). Ab initio density functional theory
calculations similar to those reported for Zng in Refs. 29 32
could be used to verify if this scenario indeed applies. On the
experimental side, a systematic (re)assessment of the lattice
location of transition metals in ZnO and GaN for different
preparation methods and growth conditions, carefully taking
the possibility of anion substitution into consideration, would
also greatly contribute to the understanding of the underlying
physical mechanisms. A crucial step would consist of XAFS
studies on a system for which our emission channeling
measurements have shown anion substitution (Mn, Co, or
Ni-implanted ZnO, or Mn-implanted GaN), prepared in iden-
tical conditions, i.e., 30 60keV implantation, at room tem-
perature, to a fluence of ~2 x 10"* cm 2. Such studies would
greatly complement our emission channeling results, by
probing the local environment of anion-substitutional impur-
ities, for example, in terms of the role played by other point
defects such as anion or cation vacancies. Such a detailed
description of the impurity lattice site and local environment,
obtained from the combination of emission channeling and
XAFS measurements, would then greatly simplify the theo-
retical assessment of anion substitution phenomena, for
example, in the form of the ab initio calculations mentioned
above (by narrowing down the otherwise numerous possible
defect configurations).



091905-4 Pereira et al.

Regarding the effect of minority anion-site substitution
on the magnetic behavior of wide-gap DMS materials,
although it has never been considered theoretically before,
one can argue that it is more likely to negatively affect even-
tual mechanisms of ferromagnetic interaction. For example,
in Mn-doped GaN, the type of magnetic interactions between
Mng, moments is charge state dependent.33 Since anion-
substitutional transition metals are most likely donor defects,
as suggested above, Mny may convert ferromagnetically
interacting Mn3G‘£ into antiferromagnetically interacting
Mnéﬁ, as has been described for other donor defects.>® These
effects are likely to be general to transition metal doped
ZnO, GaN and even other dilute magnetic semiconductors.
Conceptually, such a (self-)compensation mechanism by mi-
nority anion-substitutional transition metals is similar to that
of interstitial Mn in GaAs,***> also a donor which compen-
sates acceptor and ferromagnetically interacting Ga-
substitutional Mn.*®

In summary, we have experimentally determined the lat-
tice location of implanted Ni in ZnO in the low concentration
regime (<0.02 at. %). In addition to the majority on sub-
stitutional Zn sites, approximately 20% of the implanted
Ni atoms were found to occupy O sites. Both Zn- and
O-substitutional fractions were virtually unaffected by ther-
mal annealing up to 900 °C. Being difficult to reconcile with
the established scenario of pure cation substitution, these
findings raise two fundamental questions: (1) What mecha-
nism determines that, under similar doping conditions, some
transition-metal/host combinations accommodate minority
anion substitution and others do not? (2) How does minority
anion substitution affect the magnetic properties of dilute
magnetic semiconductors?
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