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Precise lattice location of substitutional and interstitial Mg in AIN
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The lattice site location of radioactive 2’Mg implanted in AIN was determined by means of emission chan-
neling. The majority of the 2"Mg was found to substitute for Al, yet significant fractions (up to 33%) were
also identified close to the octahedral interstitial site. The activation energy for interstitial Mg diffusion is
estimated to be between 1.1 eV and 1.7 eV. Substitutional Mg is shown to occupy ideal Al sites within a 0.1
A experimental uncertainty. We discuss the absence of significant displacements from ideal Al sites in the
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context of the current debate on Mg doped nitride semiconductors.

PACS numbers: 61.85.4+p, 61.72.Cc, 68.55.Ln, 61.72.uj

The group-III nitride semiconductors are of special in-
terest, not only from a fundamental point of view, but
particularly in the context of applications. This is largely
due to the ability to obtain semiconductors with a di-
rect band-gap ranging from 0.675 eV! to 6.12 eV,? by
alloying GaN with either InN or AIN. AIN in particu-
lar, having the widest direct band gap, exhibits excel-
lent optical and dielectric properties, thermal conductiv-
ity and mechanical hardness, with applications in deep
ultra-violet light emitting diodes (down to 210 nm?®*%),
ultra-violet detectors, laser diodes, surface acoustic wave
devices (SAWSs), high temperature electronics and pres-
sure converters.” While unintentionally doped nitrides
typically show n-type behavior, p-type doping of GalN
is routinely achieved by the introduction of the group
II element Mg, which replaces the group III cation Ga
(forming Mg, ). Efficient p-type doping is only obtained
after proper electrical activation procedures, since Mgg,
acceptors tend to be passivated by H impurities. Ther-
mal treatment above 500 °C is considered to out-diffuse
the H impurities and activate the Mg acceptors in GaN.b
Finding a suitable acceptor for the extreme wide gap
compound AIN is, however, far more challenging. Theo-
retical predictions regarding the best choice of acceptor
for AIN differ considerably: while many favor Be on Al
sites (Bea1)® " others have argued that Mg, should be
the most suitable acceptor.!?12 So far, acceptor behavior
has been claimed experimentally for Mg,; with an ion-
ization energy around 500-630 meV, 1314 as well as for
Bea; with ~330 meV.1%

In most theoretical work, only substitutional Mg,; on
ideal Al sites has been considered, since interstitial Mg,
which acts as donor,'® was suggested to be unstable.!?
Based on ab initio calculations for substitutional Mgy,
in AIN, Lyons et al.'” have recently proposed that in the
ionized state (Mg,,) Mg occupies a near-ideal Al site,
whereas in the neutral state (Mg%,) the Mg atom is dis-

placed from the ideal substitutional Al site. The shift
results from the localization of the Mg-related hole on a
N neighbor along the c-axis, which leads to an increase in
the Mg-N bond length by 18% (0.34 A), accommodated
by displacements of both the Mg atom and its N neighbor
(along the c-axis). On the other hand, the ab initio cal-
culations of Szabé et al.'? suggest for the acceptor state
elongations of the Mg-N bond lengths by ~0.2 A along
the c-axis and ~0.13 A basal to it, which should result
in only small displacements of Mg from the ideal Ga site.
These inconsistencies, which in fact also exist for Mg in
GaN,'" 19 can only be clarified by a precise experimental
determination of the Mg lattice location.

In this letter, we report on direct lattice location stud-
ies of implanted Mg in AIN. Using the 5~ emission chan-
neling technique,?? 23 we are able to precisely probe the
lattice sites occupied by radioactive impurities in single
crystalline samples. Following the decay of the radioac-
tive probes, the emitted S~ particles experience channel-
ing and blocking effects imposed by the periodic arrange-
ment of the positive nuclei of the single crystal. S~ par-
ticles (electrons) that are emitted within a critical angle
around high symmetry directions of the crystal are chan-
neled while those emitted at higher angles are randomly
scattered (blocked). The resulting angle-dependent emis-
sion yield, characteristic of the lattice site occupied by
the probe atom, is measured in the vicinity of low-index
axes of the single crystal using a 2-dimensional position-
sensitive detector. Typically, four different axes are cho-
sen which allow for the unambiguous distinction of the
different lattice sites.

The production of radioactive Mg beams at CERN’s
on-line isotope separator facility ISOLDE by means of
bombarding a UCs target with 1.4 GeV protons, followed
by laser ionization, is described in Ref. 24. The only ra-
dioactive isotope of Mg suitable for emission channeling
studies is the short-lived *’Mg (t1/2 =9.45 min). Due to
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FIG. 1. (a)-(d) Comparison of the experimental emission channeling patterns around [0001], [1102], [1101] and [2113] directions
of sample B for room temperature (RT, (b)) and 600 °C (d) implantation with the best fit simulated patterns. (e)-(f) The
theoretical patterns for 100% of Mg on O (e) and Sa; (f) sites, respectively. While the temperature used for the simulated
patterns in (e)-(f) was in both cases RT, the fits for 600 °C measurements (c) used patterns calculated for that temperature

(not shown).

the short half-life of 2"Mg, emission channeling measure-
ments must be performed either during 2"Mg implanta-
tion into the sample, or during its decay within about 30
min after implantation. The experimental on-line setup
used for that purpose is described in Ref. 25.

Three different AIN samples were measured. Samples
A and B consist of 3um thin films grown by hydride
vapor phase epitaxy (HVPE) on sapphire. Sample C
is a 1 pum thin film grown by physical vapor deposition
process. Sample A was only implanted and measured
at room temperature (RT) with a total 2”Mg fluence
of about 1.5x10'? ¢cm~2. Samples B (5x10'2 cm~2)
and C (9x10'2 cm~2) were implanted and measured
at higher temperatures, with each temperature step re-
quiring around 50 min of measuring time. All samples
were implanted using an energy of 50 keV. After these
low-fluence measurements, sample C was implanted with
1x10% cm~2 of stable 2*Mg, and the 2"Mg emission
channeling measurements were then repeated for anneal-
ing temperatures up to 600 °C. For this high-fluence ex-
periment, the Mg peak concentration is estimated to be
~1.5%x10%° cm™3, i.e. within the concentration regime
reported for the electrical doping of AIN.%14

Quantitative information is obtained by fitting the ex-
perimental emission yields with theoretical patterns for
the various possible lattice sites, calculated using the

manybeam formalism for electron channeling.?%?? Ex-
perimental and theoretical data on the crystallographic
structure of AIN and the RT root mean square (rms)
displacements of Al and N atoms can be found in Refs.
26-28. The rms displacements (u;) of Al and N atoms
at room temperature were assumed to be isotropic with
uy (A1) =0.0569 A and u;(N)=0.0626 A, based on Ref.
27. Since ug (Al) and uq (V) are unknown at higher tem-
peratures, these parameters were extrapolated from their
RT values assuming a Debye model and Debye tempera-
tures of Tp(Al) =765 K and Tp(N)=878 K (estimated
from the wu; values at RT?°). Manybeam calculations
were performed for a number of discrete electron energies
which were then averaged according to the continuous 8~
spectrum of 2"Mg (average 3 energy 703 keV, endpoint
energy 1767 keV) as described in Ref. 30. Some of the
sites which were considered as possible impurity positions
in GaN have been previously described®! and the whole
set is shown in a figure included in the supplemental ma-
terial to this article.3? The fit procedure is described in
Refs. 22 and 23. The columnar mosaic domains of the
AIN thin films were accounted for as described in Ref. 33
(lattice mosaic spreads of Wi~0.2° and Wiyist~0.62°
were determined using the method of Srikant34).

Figure 1(d) shows the experimental emission channel-
ing patterns measured from sample B during 600 °C im-



plantation. Simple visual comparison to the expected
patterns for 100% of 2"Mg atoms on substitutional Al
sites Sa; [Fig.1(f)] suggests that the majority of the 2"Mg
occupies Sy sites. This is confirmed by the quantitative
fit: the best fit shown in Fig.1(c) corresponds to 97%
of 2"Mg on Sy sites, with only 3% remaining on ran-
dom sites. The experimental patterns obtained from the
same sample for RT implantation are shown in Fig.1(b).
While the overall channeling effects are quite similar to
those corresponding to 600 °C implantation, there are
distinct differences which suggest the occupancy of an
additional lattice site. Most prominently, the channeling
effects along the set of (0110) planes in the [0001] and
[2113] patterns are considerably reduced, while the set
of (1120) planes and also the [1102] and [1101] axes still
exhibit prominent channeling effects. These features are
characteristic of interstitial sites near the octahedral O
position. This is fully confirmed by the best fit [Fig.1(a)],
which is obtained for a linear combination of 73+5% on
Sa1 and 2544% located near the O interstitial sites. Al-
lowing for O occupancy results in an improvement of up
to 20% in x? for the [0001] patterns.
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FIG. 2. (a)-(c) Reduced x? of the fits to the experimental
[1102], [1101], and [2113] patterns as function of displacement
of the 27Mg atoms from the ideal substitutional Sa; sites along
the c-axis. Each data point corresponds to the x? of the best
fit obtained using two given sites, with the corresponding two
fractions as free parameters. The site pairs are composed of
a fixed interstitial site near the octahedral O position, plus a
second site which is shifted from the ideal substitutional Sa;
site along the c-axis. The reduced x? was normalized to the
minimum value of each curve. (d)-(f) Reduced x? as function
of displacement of the 2”Mg atoms from the ideal interstitial
O sites along the c-axis. The site pairs are composed of a
fixed Sa; site plus a second site which is shifted from the
ideal interstitial O site along the c-axis. The reduced x? was,
in this case, normalized to that of the one-site Sa; fit.

We have also investigated eventual displacements of
substitutional and interstitial 2’Mg from the ideal Sa;
and O sites, respectively. Figure 2 shows the fit y? as
a function of the displacement along the c-axis. Simi-
lar results were found for displacements along the basal
bond directions, and if the two site-displacements (for
the substitutional and the interstitial fractions) are al-
lowed to vary simultaneously. The x? [Fig.2(a)-(c)] dis-
plays clear minima for displacements from the ideal Sa;
sites of at most 0.1 A. At first sight, if one assumes that
all the substitutional Mg dopants in our samples are in
the neutral state, our results seem to support the pre-
diction of Szabé et al.'? and contradict that of Lyons et
al.'7: if an elongation of Mg-N c-axis bond length does
occur, it must be accommodated by a displacement of
the N neighbor, without significantly displacing the Mg
atom from the ideal Al site. On the other hand, if all
substitutional Mg acceptors in our samples are in the
ionized state (compensated by native donor defects, pos-
sibly created upon 2"Mg implantation), our results are
perfectly consistent with the prediction of Lyons et al.'7,
i.e. that ionized Mg acceptors are not associated with sig-
nificant displacements. In reality, it is much more likely
that, at least for some combination of Mg concentration
and implantation temperature in our samples, we have a
mixture of neutral and ionized Mg acceptors. Since we
observe no displacement (within 0.1 A) from the ideal
Sa1 site, regardless of Mg concentration and implanta-
tion temperature, our data suggest that substitutional
Mg in AIN is not significantly displaced in either neu-
tral or ionized states. For the displacements from the
O interstitial sites, the picture is somewhat less clear
[Fig.2(d)-(f)] since the maximum interstitial fraction is
only ~33% and the channeling and blocking patterns of
the interstitial sites exhibit less anisotropy than in the
case of substitutional Sa; sites. Consequently, the ex-
perimental patterns are far less influenced by changes in
the positions of the interstitial emitter atoms. Never-
theless the observed minima are located within a region
that stretches roughly ~0.5 A from the ideal O site to-
wards HA (hexagonal near Al atoms) site. In particular,
all the x? minima for the [1101] direction, which appears
to be more sensitive for such displacements, are located
within ~0.2 A from the ideal O towards the HA site. We
therefore conclude that the displacement from the ideal
O sites is, at most, 0.5 A, most likely <0.2 A.

Figure 3 shows the fitted fractions of 2"Mg on Sa; and
near-O sites as a function of implantation and measure-
ment temperature for all samples. The error bars are the
standard deviation obtained when averaging the fitted
fractions for the four different directions of each sample.
For RT implantation, 20-33% of the 2"Mg was found on
near-octahedral interstitial O sites and 63-70% on substi-
tutional Al sites. For implantation temperatures around
300—400°C the near-O interstitial Mg is partially con-
verted to Sa sites, a process which is completed at 500
°C. Up to the highest implantation temperature of 800 °C
only Sa; sites are found. For sample C, in comparison
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FIG. 3. The substitutional Sa; and near-octahedral O frac-
tions of 2’Mg as a function of the implantation and mea-
surement temperature for all samples. The sum of the two
fractions, which in the absence of a random fraction should
amount to 100%, is also shown. The solid lines correspond
to the near-O fractions expected for the Arrhenius models
for migration and capture of interstitial Mg in sample C (cf.
discussion in the text) with different energies Fys and steps
N.

to the 2"Mg low-fluence (9x10'2 cm~2) results, the pre-
implantation of 1x10™ cm™2 of 2*Mg leads to some in-
crease of the substitutional and random 2" Mg fractions at
the expense of interstitial 2"Mg, but the overall behavior
is very similar.

The fact that the near-O interstitial 2" Mg is converted
to Saj sites in a relatively narrow temperature regime
can be used to estimate the activation energy required
for this process. For that purpose, we assume that in-
terstitial Mg starts to migrate and diffuse until it en-
counters an Al vacancy by which it is trapped and thus
converted to substitutional. This is a common trapping
mechanism of diffusing interstitial impurities in semicon-
ductors (quantitative models have been described in Ref.
29 for implanted ®Li). In thermal equilibrium the frac-
tion of interstitial Mg f;(T) at a given temperature T is
given by

(T 1

1AT) _ | n
f. _Em
20 1+e kBTVO%

where f;q is the fraction of interstitial Mg present in the
sample directly following implantation (assumed to be
the same fractions as at RT), 7 is the radioactive lifetime
of 2"Mg, Ej; is the activation energy for migration of
interstitial Mg and vq its attempt frequency, and N the
number of jumps before an interstitial Mg reaches an Al
vacancy. Limits for the number of steps can be obtained
by considering two extreme cases: N=1 if interstitial Mg
and an Al-vacancy are located on nearest-neighbor sites;

N~200000 if the diffusion length is comparable to the
implantation depth. Similar estimates are described in
more detail in Ref. 35. The magenta and green curves
in Fig.3 correspond to the two extreme cases for the site
change in sample C. The case with N~200000 (green
curve) provides a lower limit for the activation energy of
Eyp=1.1 eV, whereas the 1-step model gives Ep;=1.7 eV
(two magenta curves, for the low-fluence and high-fluence
case, respectively). The exact value of F,; is likely to
be closer to 1.7 eV, since one can expect a significant
concentration of Al vacancies resulting from the 2"Mg
implantation. The other two curves in Fig.3 illustrate
how the different parameters of the model (either Ej; or
N) influence in the expected interstitial fraction.

In conclusion, we have determined the lattice loca-
tion of the implanted p-type dopant 2’Mg in AIN. For
room temperature implantation, the majority (63-70%)
of 2"Mg was found in substitutional Al sites, while a sig-
nificant fraction of 20-33% was also identified close to the
octahedral interstitial O site of AIN. For implantation at
600 °C and above, the octahedral interstitial fraction is
converted to Mg on Sy sites, which is attributed to the
migration of interstitial Mg that is thermally activated
around 300400 °C with an activation energy estimated
between 1.1 and 1.7 eV. It is likely that we were able
to observe significant fractions of interstitial Mg thanks
to the particular incorporation dynamics of ion implan-
tation. The far-from-equilibrium nature of the implanta-
tion process promotes the occupation of lattice sites with
high formation energies, which are therefore not observed
when the dopants are incorporated under typical growth
conditions. In any case, our results show that intersti-
tial Mg will in general not be observed, since its ther-
mal stability is far below the typical growth temperature
of AIN thin films. Regarding substitutional Mg, a de-
tailed study of possible displacements from ideal Al sites
revealed that those must be smaller than 0.1 A, which
establishes strong limits for proposed models of the local
structure of Mg dopants in AIN. In general, our findings
illustrate how precise and unambiguous lattice location
techniques are crucial for the understanding of intricate
doping mechanisms.
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