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Evidence of N substitution by Mn in GaN
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We report on the lattice location of Mn in wurtzite GaN using 8~ emission channeling. In addition to the
majority substituting for Ga, we locate up to 20% of the Mn atoms in N sites. We propose that the incorporation
of Mn in N sites is enabled under sufficiently high concentrations of N vacancies, and stabilized by a highly
charged state of the Mn cations. Since N substitution by Mn impurities in wurtzite GaN has never been observed
experimentally or even considered theoretically before, it challenges the current paradigm of transition metal
incorporation in wide-gap dilute magnetic semiconductors.
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I. INTRODUCTION

Dilute magnetic semiconductors (DMS) continue to chal-
lenge our understanding of how transition metal impurities
behave in wide-gap nitrides and oxides, both in terms of mag-
netism and structure.! With ferromagnetism being reported
well above the ordering temperatures of any other type of dilute
magnetic materials, wide-gap DMS still divide the magnetism
community between those who report it and those who report
its absence (see, e.g., Refs. 1-5 for recent discussions). With
respect to structural properties, only in the past few years has
a more consistent picture of the structural phase diagram of
some wide-gap DMS started to emerge, with phenomena such
as spinodal decomposition and other types of chemical and
structural phase-segregation being carefully documented (see,
e.g., Ref. 1 and references therein). It is, however, at the very
basis of the structural and magnetic properties of wide-gap
DMS that some of the most puzzling reports can be found:
the lattice sites occupied by the transition metal impurities. By
determining the impurity electronic structure and the energy
barriers that it must overcome in order to diffuse, the impurity
lattice site directly controls its magnetism and aggregation
behavior. Although it is generally accepted that 3d transition
metals such as Mn and Co occupy only cation sites in wide-gap
nitrides and oxides (e.g., Ga in GaN and Zn in ZnO), some
reports suggest that this is not a general rule (see Ref. 6 for a
recent discussion on ZnO).

One of the most well-understood wide-gap DMS, Mn-
doped GaN is also one of those that best illustrate the open
questions regarding (i) the magnetism, (ii) phase pureness, and
(iii) the lattice location of the magnetic impurities. Despite the
many reports of ferromagnetism at and above room temper-
ature (i), recent studies on carefully characterized materials
found only paramagnetism,” antiferromagnetic interactions,’
or ferromagnetic order with very low Curie temperature (T¢ <
10 K).® Mn-doped GaN is also an interesting system in which
to study “subtle” forms of impurity segregation (ii) using,
for example, synchrotron radiation,” which can easily pass
undetected using more conventional characterization tech-
niques. Regarding the lattice location of the Mn impurities (iii),
although the majority of the reports are consistent with
cation (Ga) substitution (e.g., based on x-ray absorption fine
structure (XAFS),>*!%!1 jon channeling,'>'® and electron
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channeling'#), some observations do not completely conform
toit. This is particularly the case for zincblende GaN, for which
there are strong indications that Mn impurities may occupy
non-Ga-substitutional sites. Based on x-ray absorption near
edge structure (XANES) measurements, it has been reported
that small fractions of the Mn impurities are located on
interstitial sites.'”> Based on extended x-ray absorption fine
structure (EXAFS) measurements, a remarkably high fraction
of 75% of the Mn impurities was found to occupy anion (N)
substitutional sites.'® However, the unambiguous identifica-
tion of the occupied sites in cases of double occupancy poses
a number of challenges to XAFS techniques (EXAFS and
XANES). In addition, it is unknown if the non-Ga substitution
observed in the zincblende GaN may also occur in wurtzite
GaN, which is by far more commonly used in the context of
GaN-based applications and DMS.

Here, we report on the lattice location of Mn impurities
implanted in epitaxial thin films of wurtzite GaN, using
the emission channeling technique. The aim is to determine
if and which non-Ga-substitutional sites may be occupied
by Mn impurities in the wurtzite lattice, using a technique
that has been specifically developed for lattice location
of ion implanted impurities in single-crystalline materials.
Measurements were carried out in the as-implanted state and
after thermal annealing up to 900 °C in order to investigate the
thermal stability of the Mn impurities in the respective lattice
sites. We focused on the low concentration regime (below
1 x 10" ecm™3, i.e., <0.03%) in order to minimize possible
effects of Mn segregation.

II. EXPERIMENT

Emission channeling!” makes use of the charged particles
emitted by a decaying radioactive isotope. The screened
Coulomb potential of atomic rows and planes determines the
anisotropic scattering of the particles emitted isotropically
during decay. Because these channeling and blocking effects
strongly depend on the initial position of the emitted particles,
they result in angular emission patterns around major crystal-
lographic axes, which are characteristic of the lattice site(s)
occupied by the probe atoms. We have previously used the
emission channeling technique to determine the lattice location
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of other impurities in GaN (e.g., Fe,'8 As,! and several rare
earths®). The technique is particularly suited in cases where
significant fractions of the impurity atoms occupy more than
one lattice site. For Mn impurities in particular, this multisite
lattice location capability has allowed us to locate a fraction
of implanted Mn on the bond-centered (BC) interstitial site in
Ge,?! in anion-substitutional sites (Oxygen sites) in ZnO,° as
well as to unambiguously identify the interstitial Mn site in
GaAs and quantitatively study its thermal stability.?>?

Epitaxial thin films of wurtzite [0001] GaN grown on
sapphire were implanted at room temperature with a fluence of
2x 10" cm~2 of radioactive **Mn (t;» = 2.56 h), at the on-line
isotope separator facility ISOLDE at CERN. The implanta-
tions were performed under a tilt angle of 17° to minimize
ion channeling, using an energy of 50 keV, resulting in a peak
concentration of 7x10'® cm™ at a projected range of 247 A
with a 114 A straggling, as estimated using the MARLOWE
code.?* Angular-dependent emission yields of the 8~ particles
emitted during decay to stable *°Fe were measured at room
temperature, along four crystallographic directions, [0001],
[1102], [1101], and [2113], in the as-implanted state and after
in situ capless annealing in vacuum (<1073 mbar) at 300,
600, 700, 800, and 900 °C. The patterns were recorded using a
position- and energy-sensitive detection system similar to that
described in Ref. 25. Given the short half-life of ®Mn, this
system was installed online and upgraded with self-triggering
readout chips for the Si pad detectors, enabling measurements
during and/or immediately after implantation with count rates
of up to several kHz.

III. RESULTS

Quantitative lattice location is provided by fitting the
two-dimensional experimental patterns with theoretical ones
using the fit procedure outlined in Ref. 26. The theoretical
patterns were calculated using the many-beam formalism'’
for probes occupying various sites in the wurtzite GaN
structure:?’ substitutional Ga (Sg,) and N (Sy) sites with
varying root-mean-square displacements, the main interstitial
sites, i.e., tetrahedral (T), octahedral (O), hexagonal (H), bond-
centered (BC), and antibonding (AB), as well as interstitial
sites resulting from displacements along the ¢ or the basal
directions. For all four measured directions, the calculated
Sca patterns gave by far the best agreement, showing that the
majority of the probe atoms occupy Sg, sites, as expected.
The fitting routine was then allowed to include, in addition
to Sga, an additional lattice site, for which all simulated sites
were considered. Consistently for all measured directions, the
SGa + Sx double occupancy gave the best fit compared to
all other combinations and considerably improves the Sg,
single-site fit. This is illustrated in Fig. 1(a), which shows
the reduced x 2 of the fit as the non-Sg; site is moved along the
c axis between two neighboring Sg, sites (the [0001] direction
is not included since it does not distinguish sites along the ¢
axis®). Consistently for all three directions, the best fits are
centered at the Sy site. The sensitivity of the fit (in terms of
magnitude and “width” of the improvement in x?) is correlated
with the spatial separation between Ga and N rows along the
channeling axis (Fig. 1), being most pronounced for the [2113]
direction. For comparison, Fig. 1(b) shows an equivalent x>
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FIG. 1. (Color online) Reduced x? of the fits to the experimental
emission yields in the vicinity of the [1102], [1101], and [2113]
directions (following 600 °C annealing), for (a) **Mn (this work) and
PFe (Ref. 18). Each data point corresponds to the best fit obtained
using two given sites, with the corresponding two fractions as free pa-
rameters. The site pairs are composed of S, plus each of the simulated
sites along the ¢ axis (depicted above the plot): the Sy and the T sites,
the BC and AB sites along the ¢ axis, and a number of intermediate po-
sitions. The x axis corresponds to the position (along the ¢ axis) of the
non-Sg, site used in each fit. The reduced x 2 (y axis) of these two-site
fits are normalized to that of the one-site (Sg,) fit. The nonequivalent
rows of Ga and N atoms, projected on the plane perpendicular to each
of the axes, are also shown (right). Note that the separation between
Ga and N rows is maximized along the [2113] axis.

plot for *’Fe in GaN, obtained by re-analyzing the data of
Ref. 18 using new simulations, which include the same lattice
sites as in the case of **Mn. No discernible decrease in x>
observed around the Sy site. Instead, the data indicates that
a fraction of the °Fe impurities occupy Sg, sites, which are
displaced from the the ideal Sg, position by ~0.2 A (consistent
with the analysis in Ref. 18), which indicates the presence of
neighboring defects such as N vacancies.

As an example of the good match between experiment and
simulated patterns, Fig. 2 compares the normalized exper-
imental B8~ emission yields following annealing at 600 °C,
along the four measured directions [(a)—(d)] with the best fits
of theoretical patterns [(e)—(h)]. The best fit is obtained for
81% of the Y*Mn atoms on Sg, (Mng,) and 19% on Sy sites
(Mny). Introducing a third site yields only insignificant fit
improvements. Possible fractions in other sites are estimated
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FIG. 2. (Color online) (a)—(d) Normalized experimental *Mn 8~
emission channeling patterns in the vicinity of the [0001], [1102],
[1101], and [2113] directions following annealing at 600 °C. (e)—(h)
Corresponding best fits with 81 % and 19% of the **Mn atoms on S,
and Sy sites, respectively.

to be below 5%. Figure 3 shows the fractions of *Mn probes in
Sca and Sy sites as a function of annealing temperature. Within
the experimental error, the Mny fraction remains constant
around 20%, up to highest annealing temperature of 900 °C.

IV. DISCUSSION

Chemically, 3d transition metals such as Mn are much
more similar to Ga (a post-transition metal) than they are to
N (a nonmetal). In particular, the electronegativity and ionic
radii of Mn are much closer to those of Ga than N, which in
principle makes it energetically unfavorable for Mn impurities
to be incorporated in N sites. Because anion substitution by 3d
transition metals in GaN is so unexpected, theoretical consider-
ations of the phenomena are very scarce, especially for wurtzite
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FIG. 3. Fractions of **Mn impurities on Sg, and Sy sites follow-
ing each annealing step.
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GaN. For zincblende GaN, the calculated total energies for Mn
in Ga and N sites indicate, as expected, that Ga substitution is
more favorable.?® However, the calculations in Ref. 28 do not
consider charged Mny defects. The defect that most resembles
Mny;, for which different charge states have been considered, is
the Ga antisite (Gay). It has been shown that varying the charge
state from neutral to 44 considerably decreases the formation
energy of Gay in wurtzite GaN (from ~8 to ~1 eV, under
Ga-rich/N-poor conditions).?’ Such highly charged states are
only stable for a Fermi level sufficiently close to the valence
band, i.e., in the presence of acceptor states to which the Gay
electrons can be transferred. In Mn-doped GaN, that role can
be played by the deep acceptor levels of Mng, defects (the
Ga-substitutional fraction). On the other hand, the requirement
of N-poor growth is in agreement with Ref. 16. There, N
substitution by Mn (in zincblende GaN) was only observed
in thin films grown under N-poor conditions. In other words,
increasing the concentration of N vacancies (which can be
“filled” by Mn impurities), decreases the formation energy of
Mny defects. In the present study, the required N vacancies
were in principle created upon 3*Mn* ion bombardment. Note,
nonetheless, that the incorporation of Mn impurities in N sites
cannot be considered a direct effect of ion implantation, since
it was not observed for Fe under very similar experimental
conditions.'® Fe is a 3d transition metal as well, with an
atomic mass that is similar to that of Mn and, therefore, has
similar incorporation kinetics. A more detailed description of
the conditions under which N substitution by Mn impurities
occurs in wurtzite GaN will require the assessment of the
formation energies of such defects, as well as an experimental
reassessment of the lattice location of Mn in GaN for different
preparation methods and growth conditions, carefully taking
into consideration the possibility of anion substitution.

Together with our recent report on O-substitutional Mn
and Co in ZnO.° these results suggest that anion substitution
by 3d transition metals may be a general phenomenon in
wide-gap nitrides and oxides. However, because it is both
highly unexpected and difficult to detect with conventional
techniques, anion substitution by transition metals may have
so far passed undetected. Although there is no obvious
reason to consider anion substitution as a potential route
toward room temperature ferromagnetism, a comprehensive
description of the phenomenon is fundamental for the un-
derstanding of wide-gap DMS. For example, it has been
predicted that electron delocalization increases the range of the
magnetic interactions between anion-substitutional compared
to cation-substitutional Mn impurities in zincblende GaN,
potentially leading to spin-glass behavior in anion-substituted
Ga(Mn,N).28 Indeed, magnetometry measurements indicate
that while cation-substituted (Ga,Mn)N is not ferromagnetic
down to 5 K, anion-substituted Ga(Mn,N) displays some
degree of magnetic irreversibility at low temperatures.'

In a slightly different context, because anion-substitutional
transition metals are likely to behave as donors (as discussed
above), they may also play an important role in terms of
electrical (self-)compensation. Particularly in Mn-doped GaN,
it is relatively well established that the type of magnetic
interactions between Ga-substitutional Mn moments is de-
termined by the Mn charge state, which in turn depends
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on the concentration of compensating donor defects.> Under
stringent growth conditions that minimize the concentration of
compensating donors such as N vacancies and H impurities,
Mn impurities are incorporated as Mn**. In such cases,
ferromagnetic interactions® and low temperature order (T¢ <
10 K)® can be observed. More commonly, such stringent
growth conditions are not satisfied and Mn impurities are incor-
porated as compensated Mn?*, for which only nearest-cation-
neighbor antiferromagnetic interactions are observed.>’ Being
a potential donor defect, Mny may also compensate an;g
impurities, i.e., turning ferromagnetically interacting Mn3GJg
into antiferromagnetically interacting Mng' . Such electric and
magnetic self-compensation by N-substitutional Mn in GaN
is very similar to that of interstitial Mn in GaAs, also a donor
that compensates acceptor and ferromagnetically interacting
Ga-substitutional Mn.*

V. CONCLUSION

We have experimentally demonstrated that, in addition to
the majority substituting for the cation (Ga), minority fractions
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(up to 20%) of ion-implanted Mn impurities occupy anion (N)
sites in wurtzite GaN. Both Ga- and N-substitutional fractions
are virtually unaffected by thermal annealing up to 900 °C.
Together with recent reports on anion substitution by Mn
and Co in ZnO, these results challenge the current paradigm
of transition metal incorporation in wide-gap nitrides and
oxides, with profound implications on our understanding of
magnetic interactions and self-compensation effects in wide-
gap DMS.
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