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ABSTRACT 

The lattice location of ion implanted radioactive 24Na (t1/2=14.96 h) in GaN and AlN was determined using the emission 
channeling technique at the ISOLDE/CERN facility. In the room temperature as-implanted state in both GaN and AlN, the 
majority of the sodium atoms are found on interstitial sites near the octahedral position, with a minority on cation Ga or Al 
substitutional sites. Following annealing at 800-900°C the interstitial fraction is reduced while the substitutional incorpo-
ration increases. Our results thus further establish the amphoteric character of Na in GaN and AlN, in analogy to the other 
light alkali Li, and alkaline earths Be and Mg. The site changes upon annealing are attributed to the onset of migration of 
interstitial Na, for which an activation energy of 2.2−3.4 eV is estimated in GaN and 2.0−3.1 eV in AlN, and its subsequent 
capture by cation vacancies resulting from the implantation. Comparison of the lattice site change behavior of Li, Be, Na 
and Mg shows that the onset of interstitial migration correlates with the ionic radii of these elements. 
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I. INTRODUCTION 

Due to the widespread applications of GaN and AlN in 
optoelectronics, the basic properties of some key impurities 
in these wide band gap semiconductors have been studied 
quite extensively, e.g. Mg and Si as electric dopants, H as 
a passivating impurity, to lesser extent also rare earths for 
optical and transition metals for magnetic doping. For most 
other elements much less is known. For instance, regarding 
the properties of sodium, Na implantation was found to 
introduce a broad photoluminescence band around 2.05 eV 
in GaN already in 1976 [1]. However, since similar bands 
were observed following the implantation of other 
elements, this was later considered quite likely a 
consequence of native defects formed by the implantation 
damage [2]. Only a limited number of studies on Na 
impurities in nitrides were published afterwards, despite 
the fact that since 1997 liquid phase epitaxy using Na flux 
has been used by several groups to produce bulk GaN 
single crystals [3]. Comparisons of this technique to other 

GaN bulk growth methods can be found in a number of 
reviews [4-8]. In its initial implementation [9] NaN3 was 
thermally decomposed into liquid Na and gaseous N2, 
allowing N2 to react with Ga dissolved in the liquid Na and 
thus resulting in epitaxial growth of GaN layers on GaN 
seed crystals. The Na metal was afterwards removed from 
the surface of the GaN product by reaction with ethanol. In 
GaN produced with upgraded Na flux techniques, traces of 
Na of the order of 4×1014 cm−3 were detected [10], 
although also values around 1018 cm−3 have been reported 
[11]. The potential effects of Na incorporation in GaN are 
not well known. For instance, the electrical properties of 
Na impurities are expected to depend on their lattice sites 
and thus also on their ability to form complexes with other 
defects, e.g. in the form of Nai

+-MgGa
−, which would 

passivate Mg acceptors. 
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A first-principles theoretical investigation of the 
potential acceptor impurities Li, Na, K, Be and Mg in GaN 
[12] predicted that for the light alkali metals Na and Li 
interstitial Nai and Lii exhibit lower energies of formation 
than substitutional NaGa and LiGa as long as the Fermi level 
is below ~1.2 eV and ~1.7 eV, respectively, with respect to 
the valence band. This means that, in thermodynamic 
equilibrium, in p-type GaN the incorporation of Na and Li 
impurities on interstitial sites, where they act as single 
donors, should be more favorable than on the substitutional 
Ga site, where they represent double acceptors. In contrast, 
in n-type GaN, the predominant Na and Li species should 
be substitutional NaGa and LiGa. The interstitial positions 
considered by theory were the octahedral (O) and 
tetrahedral (T) sites, with the octahedral site predicted to 

be more favorable [12]. As can be seen from Fig. 1, T sites 
are interstitial sites aligned with the c-axis, while O sites 
are located within the open “channels” of the wurtzite 
structure parallel to the c-axis, both T and O sites are 
located exactly at the center in between planes of A and B 
atoms. A recent theoretical study addressed the detailed 
positions of interstitial Mg, Be, Li, and Na in GaN, as well 
as their migration paths and related migration energies 
[13]. It was predicted that the most stable position for 
interstitial Na+ is “0.28 Å from ideal octahedral sites”. In 
that respect it must be noted that the definition of ideal O 
sites in Ref. [13] is different from the one used by us and, 
for instance, Refs [14-15]; the location of the “ideal O site” 
in Ref. [13] corresponds to our HA site (which is located at 
+c/16=+0.324 Å from O). Hence the Na+ site coordinate 
predicted by Ref. [13] is in our nomenclature at +0.04 Å 
from O towards HA sites, thus very close to the ideal O 
site. 

The lattice location of radioactive 24Na implanted in 
GaN and AlN was investigated by Ronning et al. [16] using 
the β− emission channeling technique. Following 30 keV 
room temperature implantation of 24Na at a fluence of 
2×1013 cm−2 into GaN and AlN, ~40-44% of Na was found 
aligned with the c-axis rows in both cases, while ~56-60% 
was located on interstitial sites off the c-axis. The 
interpretation was that all of the Na that were found aligned 
with the c-axis occupied substitutional sites (which could 
be cation or anion sites), while the interstitial positions off 
the c-axis were assumed to be O sites, although no definite 
proof could be given. Only experimental channeling 
patterns around the [0001] axis were compared to 
simulated yields for different lattice sites; [−1101] patterns 
were measured but not analyzed in detail. However, for 
assessing exact positions along the c-axis or parallel to it, 
which is required for instance in order to properly 
distinguish between the cation and anion substitutional 
sites and the interstitial T sites, or in order to quantify the 
displacement from interstitial O sites parallel to the c-axis, 
the analysis of patterns off the c-axis is required. The exact 
locations of substitutional and interstitial Na could hence 
not be pinpointed in Ref. [16]. Annealing at 800°C for 
10 min was reported to relocate part of the interstitial Na to 
sites aligned with the c-axis in AlN, while the same 
treatment seemed to have no effect on 24Na in GaN. 

In this article we report on detailed measurements of the 
lattice location of implanted 24Na in GaN and AlN, in the 
room temperature (RT) as-implanted state and for 
annealing temperatures up to 900°C. In addition to [0001] 
(c-axis) emission channeling patterns, also [−1102], 
[−1101], and [−2113] directions off the c-axis were 
measured. Fitting all the experimentally observed electron 
yield distributions to theoretical patterns calculated for a 
variety of lattice sites, aligned and off the c-axis, allowed 

 
FIG. 1. The (11−20) plane of the GaN wurtzite lattice, showing the substitu-
tional cation SA (Ga or Al) and anion SB (N) sites, as well as the following 
interstitial sites: bond center BC, anti-bonding AB, tetrahedral T, symmetric co-
planar with Ga-N bonds D and AD, hexagonal H, and octahedral O. The addi-
tion of “A” or “B” to the site name indicates non-equivalent sites closer to the 
cation A or the anion B, respectively, e.g. the hexagonal sites HA and HB. On 
the other hand, the interstitial T, O and HAB sites are defined as having the 
same distance from A and B sites (i.e. located exactly at the center in between 
planes of A and B atoms). “-c” indicates BC or AB sites located within the atomic 
rows along the c-axis, while those indicated with “-o” are basal to it. The direc-

tions around which the β− angular emission yield from 24Na was measured are 
represented by the vectors shown in blue. The values indicated for the lattice 
constants a and c as well as for the bond length parameter u are those of GaN. 

A sketch showing the (01−10) plane, which includes the [−2113] axis that was 
also measured, can be found in the supplementary material. 
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determining the location of interstitial Na within ~0.2 Å. 
Moreover, lattice site changes of Na from interstitial to 
substitutional sites that were observed following annealing 
in both GaN and AlN, allowed deriving estimates for the 
Na interstitial migration energies. Finally, we compare the 
lattice location preference of Na and its interstitial 
diffusion characteristics to the corresponding properties of 
Li, Mg, and Be, pointing out qualitative similarities and 
systematic quantitative differences. 

II. METHODS 

β− emission channeling is a nuclear technique that 
allows measuring the lattice location of radioactive 
impurities implanted in a single-crystal [17-19]. The β− 
particles emitted during the decay of radioactive probe 
atoms travel inside the crystal with enough energy to 
perceive the nuclei arranged along axes and planes as a 
positive continuum potential that is formed by the average 
of individual, screened Coulomb potentials. Thus, in a 
simplified view, the negatively charged β− particles that are 
emitted from sites that are aligned with high symmetry 
axes or planes of the crystal, e.g. from substitutional sites, 
are channeled if the emission occurred within certain 
critical angles, while those emitted above the critical angle 
are scattered randomly. On the other hand, emission from 
interstitial sites that are not aligned with crystallographic 
axes or planes generally leads to enhanced scattering along 
these directions. Using a two-dimensional position-
sensitive detector (PSD) which is successively oriented 
with the major axial directions of the crystal, the angular 
emission yield around these axes is measured, which is a 
characteristic of the probe atom lattice location in the 
sample. The two-dimensional angular emission yields are 
fitted with linear combinations of simulated patterns of 
emitter atoms on different lattice sites. 

For lattice location of Na, we made use of the same 
radioactive isotope 24Na (t1/2=14.96 h) as in Ref. [16]. The 
production of 24Na at the on-line isotope separator facility 
ISOLDE/CERN [20] as well as its relevant decay 
characteristics have been outlined in our previous 
publication on the lattice location of 24Na in ZnO [21]. The 
experimental setup is described in Ref. [22]. All samples 
were measured using Si pad PSDs consisting of 22×22 
pixels of size 1.3 mm, our standard systems for electron 
emission channeling studies [23]. The GaN sample #1 (cf. 
Table I) was in addition studied with a new, highly 
pixelated quad Timepix PSD consisting of 512×512 pixels 
of 55 µm size [24-25], thus allowing to compare the results 
from two different measurement and analysis methods. 
Both detectors were mounted at a distance of 30 cm from 
the sample, leading to angular resolutions of 0.081° 
(standard deviation) for the pad geometry and 0.050° for 
the Timepix. Note that for the pad detector the size of the 

1 mm diameter beam spot on the sample and the detector 
pixel size of 1.3 mm contribute with comparable 
magnitude to the angular resolution, while for the Timepix 
detector, the angular resolution is dominated by the beam 
spot dimension [26]. 

TABLE I. Samples, implantation and measurement parameters. All 
samples were implanted at RT and measured in the as-implanted state 
and following 10 min annealing under vacuum at the indicated 
temperatures TA. See Ref [29] for additional sample properties. 

Sample GaN #1 GaN #2 AlN 
Growth 
method 

MOVPE (U 
Cambridge) 

MOVPE 
(Cree Inc.) 

MOVPE (U 
Montpellier) 

Film thickness 
(µm) 

4.8 1.5 0.28 

Implantation 
energy (keV) 

40 50 60 

Implantation 
angle (°) 

17 10 10 

Fluence 
(cm−2) 

2.9×1013 4.8×1012 5.3×1012 

Projected 
range (Å) 

422 535 825 

Straggling (Å) 209 257 300 
[24Na]peak 
(cm−3) 

4.9×1018 
(55 ppm) 

6.2×1017 
(7 ppm) 

6.9×1017  
(7 ppm) 

TA (°C) 800 900 600, 900 
Detector pad + 

Timepix 
pad pad 

 
The “many-beam” theoretical approach for calculating 

electron emission channeling patterns from emitter atoms 
on different lattice sites has been discussed in Refs [17-18] 
and input parameters for the structural models of GaN and 
AlN are given in Refs [27-28]. The fit routines for 
comparing experimental and theoretical data were outlined 
in Refs [18, 23] and recently described in detail in Ref. 
[26]. For fitting the results obtained with the pad detector 
we used our proprietary software FDD, while Timepix 
patterns were fitted using the newly developed PyFDD 
code, in both cases using chi square minimization [26]. The 
fitted fractions were corrected for background from 
scattered electrons and from gammas, as is explained in 
more detail in Refs [21, 29].  

Three samples (two GaN and one AlN, all not 
intentionally doped) were implanted using the parameters 
given in Table I, with beam spots of 1 mm diameter. While 
the GaN samples were 1.5 and 4.8 µm thick layers grown 
on sapphire, the AlN sample [30] consisted of a 0.28 µm 
AlN thin film with a 0.55 µm Al0.2Ga0.8N buffer layer on a 
sapphire substrate. It is known that AlN films are subject 
to suffer from more structural imperfections and mosaicity 
than GaN. Hence the tilt and twist values of the mosaic 
domain distributions for this AlN sample were determined 
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by means of X ray diffraction using the method of Srikant 
et al. [31-33], and values of Wtilt=0.20° and Wtwist=0.56° 
were found [29] (in contrast, typical values for GaN 
samples are around Wtilt≈0.1° and Wtwist≈0.10-0.20° [29]). 
The tilt and twist values were taken into account by 
adjusting the angular resolution of the theoretical patterns 
used for the fits, as described in Ref. [32]. The angular 
emission yields in the vicinity of the four high-symmetry 
directions [0001], [−1102], [−1101] and [−2113]) were 
measured at RT, both in the as-implanted state and 
following 10 min vacuum annealing steps as indicated in 
Table I.  

III. RESULTS 

A. Best fit patterns 

The experimental emission channeling patterns  
measured as-implanted in GaN with the pad detector are 
plotted in Fig. 2(a)-(d). Simulated patterns resulting from 

24Na radioactive probes in GaN on a number of different 
lattice sites are shown in the supplementary material. 
While the yield maximum measured along the [0001] axis 
[in the center of Fig 2(a)] is a characteristic of probes on 
substitutional (S) or tetrahedral (T) interstitial sites, which 
are all aligned with the c-axis, the planar emission yields in 
the same pattern show major channeling effects only along 
the set of three (11−20) planes, while the channeling yields 
from the set of three (01−10) planes are considerably 
reduced. In the wurtzite structure this combination of 
planar effects is a strong indication that, besides sites 
aligned with the c-axis, also a large fraction of probe atoms 
occupies sites in the wide open interstitial region of the 
lattice parallel to the c-axis [21]. This is further evidenced 
by the characteristics of the [−2113] pattern: while 
substitutional 24Na alone would create strong (01−10) 
planar channeling along the “horizontal plane” in Fig. 2(d), 
24Na near the interstitial O sites results in “blocking” along 
the same plane. In the case of [−1102] and [−1101] 
directions the distinction between  octahedral interstitial 
and substitutional 24Na is not immediately obvious since 

 
FIG. 3. Same as Fig. 2 but measured following annealing at TA=800°C. (a)-(d) 
are experimental patterns while (e)-(h) show the best fit of simulated patterns, 
corresponding to 17(2)% on Nai interstitial and 54(5)% on SGa sites. The ap-

proximate numbers of events measured were 2.0×106 (a), 1.5×106 (b), 1.3×106 

(c), and 1.3×106 (d). 
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FIG. 2. (a)-(d) Angular distribution of β− emission yields from 24Na in GaN sam-
ple #1, measured as-implanted at RT with the pad detector. Patterns are shown 

as contour plots around the [0001], [−1102], [−1101] and [−2113] axes, with 
the color scales indicating both number of counts per pixel and the normalized 

yields. The approximate numbers of events measured were 6.0×106 (a), 

1.6×106 (b), 6.9×106 (c), and 2.1×106 (d). (e)-(h): the best fit of simulated pat-
terns, corresponding to 45(8)% on Nai interstitial and 38(4)% on SGa sites.  
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the O sites are approximately aligned with these axial 
directions (cf. Fig. 1). The results of fitting a linear 
combination of theoretical patterns from 24Na probes on 
two different lattice sites fully confirmed the qualitative 
arguments outlined above: the best fits [Fig. 2(e)-(h)] were 
obtained for fractions of 38(4)% of 24Na on SGa and 45(8)% 
very close to the octahedral interstitial O sites. The 
difference of the sum of the two fractions from 100% is 
assigned to the so-called “random” fraction, that results 
from a flat background in the patterns and e.g. includes 
probe atoms in sites of very low crystal symmetry [26]. 
Note that the positions of the interstitial Nai sites parallel 
to the c-axis used for Fig. 2(e)-(h) were identified as 
described below in section B. 

Following 800°C annealing, several features in the 
measured patterns changed [Fig. 3(a)-(d)]. In the [0001] 
pattern [Fig. 3(a)], the axial channeling effect almost 
doubled in intensity, and channeling effects from both 
(11−20) and (01−10) planes are now clearly visible. In the 
[−2113] pattern, the axial channeling effect, which was 

characterized in the as-implanted state by a double peak of 
low intensity, turned into a much stronger single peak, at 
the same time the (01−10) plane changed from blocking to 
channeling. These qualitative arguments indicate that 
interstitial 24Na was converted to substitutional, which was 
confirmed by the best fits [Fig. 3(e)-(h)], which were 
obtained for fractions of 54(5)% of 24Na on SGa and only 
17(2)% on the octahedral interstitial O sites. The 
experimental results and best fit patterns measured for the 
same sample GaN #1 with the Timepix detector and for 
GaN #2 with a pad detector can be found in the 
supplementary material [29]. 

The patterns measured for 24Na in AlN are shown in 
Fig. 4(a)-(d) in the as-implanted state and in Fig. 5(a)-(d) 
following the last annealing step at 900°C. Due to the lower 
structural quality of the AlN sample, but also a number of 
other reasons [29], the patterns show less contrast than 
GaN. However, the axial and planar features that allow 
distinguishing the preference for interstitial sites of 24Na in 
the as-implanted state and for substitutional Al sites 
following annealing, are also present. The best fits were 

 
FIG. 4. (a)-(d) Angular distribution of β− emission yields from 24Na in AlN, meas-
ured as-implanted at RT with the pad detector. Patterns are shown as contour 

plots around the [0001], [−1102], [−1101] and [−2113] axes. The approximate 

numbers of events measured were 3.2×106 (a), 2.9×106 (b), 2.9×106 (c) and 

2.7×106 (d). (e)-(h): the best fit of simulated patterns, corresponding to 49(15)% 
on Nai interstitial and 35(6)% on SAl sites.  
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FIG. 5. Same as Fig 4 but measured following annealing at TA=900°C. (a)-(d) 
are experimental patterns while (e)-(h) show the best fit of simulated patterns, 
corresponding to 16(10)% on Nai interstitial and 65(8)% on SAl sites. The ap-

proximate numbers of events measured were 2.4×106 (a), 2.2×106 (b), 2.0×106 

(c) and 2.6×106 (d). 
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obtained for 49(15)% on Nai interstitial and 35(6)% on SAl 
sites as-implanted [Fig. 4(e)-(h)], and 16(10)% on Nai 
interstitial and 65(8)% on SAl sites following TA=900°C 
[Fig. 5(e)-(h)]. 

B. Positions of Nai interstitial sites  

In order to determine as accurately as possible the most 
probable positions of interstitial 24Na parallel to the c-axis, 
i.e. to distinguish between the octahedral (O) and various 
hexagonal interstititial sites (HA, HB and HAB), 
schematically shown in Fig. 1, we have applied the 
following procedure to the [−1102], [−1101] and [−2113] 
patterns (channeling effects measured along [0001] are not 
sensitive to displacements parallel to the c-axis). Note that 

in contrast to our former publications [19, 21, 26, 28, 34], 
we have now adopted that displacements from O to HB 
sites are represented by a positive coordinate, since they 
occur along the +c-axis [0001] (cf. Figs 1, 6 and 7), while 
displacements from O to HA are associated with negative 
coordinates, since they occur along −c-axis [000−1]. This 
was chosen so as to be in line with the convention used in 
other publications, e.g. [13-15]. In Figs 6 and 7 the relative 
χ2 is plotted for two-site fits where the position of the first 
site is kept fixed at the ideal  substitutional Ga or Al site, 
while the position of the second site is varied parallel to the 
c-axis in small steps of 0.016 Å from O to HA or HB, and 
0.049 Å from HA to HAB and HB to HAB. Note that χ2 is 
given relative to one-site fits that include only the ideal 
substitutional site. For as-implanted 24Na in GaN sample 
#1 (red curves in Fig. 6) the relative χ2 for the [−1102], 
[−1101] and [−2113] pad detector pattern fits shows 
minima for interstitial sites which are displaced by 

 

FIG. 6. Relative χ2 of the fits to the experimental [−1102], [−1101], [−2113] 
patterns from 24Na in GaN as function of displacement of the 24Na atoms from 
the ideal interstitial O sites parallel to the c-axis. Each data point corresponds 

to the χ2 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 SGa 
site plus a second site, which is shifted from the ideal interstitial O site along 

the c-axis. The relative χ2 values were normalized to that of the one-site SGa fit. 
The black vertical lines indicate the positions of the HB, O and HA interstitial 
sites. The dashed green line is the theoretically predicted position of Nai

+ in 
GaN from Ref. [13], which practically coincides with the O site. The red vertical 
line shows the average of the best fit positions from sample #1, while the blue 
vertical line shows the average from sample #2, both in the as-implanted state. 
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FIG. 7. Relative χ2 of the fits as function of 24Na displacement from the ideal 
interstitial O sites parallel to the c-axis in AlN. Normalization is as described in 
the caption of Fig. 8. The red vertical line shows the average of the best fit 
positions in the as-implanted state. The [-1102] fits following TA=600°C did not 
result in chi square minima consistent with the other directions, and following 
annealing at TA=900°C yielded negative interstitial fractions (which we have 
represented by the straight line at 1.0). In both cases chi square changes were 
so small that [-1102] patterns following annealing could actually not be used for 
determining the interstitial position. 
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+0.032 Å, +0.049 Å, and −0.032 Å from ideal O sites, with 
the average of the three derived displacements being 
+0.016 Å, i.e. very close to the ideal O sites. The identical 
type of analysis performed for the patterns measured for 
the same sample #1 with the Timepix detector (magenta 
curves in Fig. 6), yields displacements of +0.016 Å, 
−0.016 Å, and −0.049 Å from ideal O sites, average value 
−0.016 Å. The two separate measurement and analysis 
procedures hence agree on the result that interstitial 24Na is 
found very close to ideal O sites in sample #1. However, 
the same kind of analysis showed somewhat different 
results for the GaN sample #2 (blue curves in  Fig. 6), the 
relative χ2 for the [−1102], [−1101] and [−2113] pattern fits 
shows minima for Nai interstitial sites displaced −0.194 Å, 
−0.162 Å, and −0.194 Å from ideal O sites, with the 
average being −0.184 Å, hence closer to HA than to O 
sites. Following annealing, the variations in χ2 are much 
less pronounced for both GaN samples, also the spreads in 
between the minima of the best fit positions become larger, 
both due to the fact that the fractions of interstitial 24Na are 
considerably reduced, causing the statistical relevance of 
the results to be less significant and the assessment of the 
Nai interstitial position to be less precise.  

In case of AlN the relative χ2 for the [−1102], [−1101] 
and [−2113] pattern fits (Fig. 7) shows minima for 
interstitial sites displaced −0.063 Å, −0.095 Å, and 
−0.221 Å from ideal O sites, with the average being 
−0.126 Å. Overall, the relative changes in χ2 as a function 
of the position of the interstitial Nai site are less 
pronounced in AlN than in GaN. We attribute this to the 
larger mosaic spread of the AlN film, which effectively 
lowers the angular resolution of the channeling 
measurements and hence also diminishes the ability to 
distinguish different lattice sites.  

C. Substitutional and interstitial fractions 

Figure 8 shows the fractions fS and fi of 24Na on 
susbstitutional and interstitital lattice sites, as well as the 
sum fsum=fS+fi of both, as a function of annealing 
temperature. The general picture is that in the as-implanted 
state interstitial sites dominate over substitutional ones, 
while following annealing at 800-900°C, the interstitial 
fraction is greatly reduced in favour of the substitutional 
one, hence that site changes of Na took place. The 600°C 
annealing results for AlN show that this site change already 
partly happened at this lower annealing temperature. The 
scatter in the fractions derived for the GaN sample #1 from 
pad and Timepix detector measurements is within the 
expected range of precision of our technique, where errors 
of ±10% in sum fractions fsum are expected, due to the 
limited accuracy of background corrections for different 
measurement conditions [26]. We also performed 3-site fits 
where the first two sites were kept fixed at the 
substitutional Ga or Al site and the identified Nai positions 
near the O site, while the third site was varied over the 
whole range of sites calculated. However, this did not 
result in significant and consistent improvements in fit 
quality. One may hence conclude that additional lattice 
sites could not be identified, in particular no Na was found 
on substitutional N or interstitial T sites. 

IV. DISCUSSION 

Our results fully confirm the co-existence of 24Na near 
interstitial O and substitutional cation positions following 
RT implantation into GaN and AlN, as was sugested by 
Ronning et al. [16] on the basis of less detailed data. We 
also confirm the partial site change they reported for 24Na 
in AlN following annealing at 800°C. In addition, we were 
able to show the partial site change in GaN following 800-
900°C annealing, which was not obvious in the 
experiments of Ronning et al.  

Also in contrast to previous measurements [16], we 
were able to determine the positions of interstitial 24Na 
parallel to the c-axis. In GaN sample #1 we found within 
measurement accuracy the interstitial Na exactly at the O 
site, as predicted by theory [13]. However, in sample #2 the 

 
FIG 8. 24Na in GaN (a) and AlN (b): Fractions on substitutional Ga or Al (fS) and 
near octahedral interstitial O (fi) sites, as well as the sum of both (fsum). The 
error bars reflect the spread in fractions derived from the patterns of the four 
crystallographic directions measured at each temperature. 
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derived 24Na position was −0.18 Å off the O site, hence 
located closer to the HA site. While these different 
assessments could be due to limitations in the accuracy of 
our lattice location method, the fact that the displacements 
derived from all three off-surface directions of each sample 
are rather consistent, suggests that the 24Na lattice sites 
might in fact differ by ~0.2 Å in between both samples (a 
more detailed discussion can be found in the 
supplementary material). The major known differences of 
the two samples are the implanted fluence (2.9×1013 cm−2 
for sample #1 vs 4.8×1012 cm−2 for sample #2) and a 
smaller mosaic spread for sample #1 [29], resulting from 
the use of a more advanced growth technique. Due to the 
extraordinary radiation hardness and dynamic annealing of 
GaN and AlN, no major effects of implantation damage are 
expected for the fluence range used in our experiments. For 
instance, for 28Si RT implantations in GaN, no detectable 
damage could be observed with Rutherford Backscattering 
Spectrometry/Channeling (RBS/C) for fluences up to 
1014 cm−2 [19, 35], the same applies to 1014 cm−2 24Mg 
implantations investigated by X-ray diffraction [36]. In 
case of AlN, for 6×1013 cm−2 40Ar implantations performed 
at 15 K hardly any damage was visible by RBS/C [37]. 
Since the apparent slight shift of ~0.2 Å is close to the 
expected precision of our experiments [29], in order to 
proof this difference is real, more experiments with larger 
numbers of equivalent samples would be required, thus 
reducing statistical spreads. 

In both GaN and AlN, annealing at elevated temperature 
induced site changes of interstitial Na to substitutional 
cation sites. We interpret these site changes as resulting 
from the onset of migration of interstitial Nai

+ which then 
may combine with Ga or Al vacancies created during the 
implantation process. Similar behavior has been previously 
observed in emission channeling lattice location 
experiments following the implantation of the light alkali 
metal 8Li in a large number of III-V and II-VI 
semiconductors including e.g. GaAs [38], GaP [38], InP 
[38], InSb [38], GaN [16, 39], and AlN [16]. In case of 8Li 
in GaN and AlN the site changes from interstitial to 
substitutional cation sites took place at a temperature 
around 700 K, corresponding to ~427°C. As we have 
previously reported, similar site change effects have also 
been observed following the implantation of 27Mg in GaN 
[19, 26, 34] and AlN [28]. On the other hand, emission 
channeling studies with 45Ca [40] and 89Sr in GaN [16, 40] 
identified only substitutional Ga sites while finding no 
indications of interstitial fractions for these heavier 
alkaline earths. One may therefore conclude that in GaN 
and AlN the co-existence of interstitial and substitutional 
sites, hence an amphoteric nature, seems to be a 
characteristic of the light alkali and alkaline earth metals, 
which all have been studied for use as p-type dopants in 
GaN [2, 12-15]. Establishing the amphoteric nature of 

these elements hence improves our understanding why p-
type doping is not possible at all (e.g. using Be), or limited 
in its efficiency, as is the case for Mg, the only 
technologically feasible p-type dopant of GaN. 

By making some simple assumptions for the number of 
jumps N which are needed for the interstitial 24Na impurity 
until it combines with a vacancy, it is possible to derive 
estimates for the activation energy of interstitial migration 
EM from the temperatures T where the site changes occur 
and the duration of the annealing ∆tann. The mathematical 
formula appropriate for the case of 24Na (simple Arrhenius 
model, implantation of long-lived radioisotope at room 
temperature, subsequent isochronous 10 min annealing 
steps) has been given in Ref. [21] as 

�M = �B� ln � �
∆�ann
� ln��i
 �i⁄ �� 

where ν0 is the attempt frequency, N the number of jumps, 
and fi0 and fi the interstitial fractions before and after each 
annealing step. We have assumed ν0=1012 s−1, and N to 
range from N=1 (cation vacancy and interstitial Nai are 
next neighbours) to N≈200000 (diffusion width 
corresponds to mean implantation depth). This results in 
estimated values of EM≈2.2−3.4 eV for GaN and 
EM≈2.0−3.1 eV for AlN. 

In Table II we have compiled the experimentally 
observed temperatures Ti→S of the site changes for Li, Na 
and Mg in GaN and AlN and the corresponding estimates 
for the migration energies EM,exp and compared them to 
theoretical predictions for EM from the literature. In case of 
the alkaline earth Be in GaN, preliminary results indicate 
the co-existence of substitutional and interstitial 11Be at 
room temperature, with the major site change taking place 
around 350-400°C [42]. As a general rule, both in GaN and 
AlN, Ti→S is lowest for Mg, followed by Li and highest for 
Na, with all site changes in AlN occurring at lower 
temperatures than in GaN. Since Li and Na are more 
volatile metals than Mg, naively one might expect that Li 
and Na change sites at lower temperatures than Mg. 
However, when comparing the ionic radii of Li+, Na+ and 
Mg2+ one concludes that the temperatures of the site 
changes correlate with the ionic radii of the likely charge 
states of the interstitials, which are 1+ for alkalis and 2+ 
for alkaline earths. Such a correlation was also predicted 
by theory [13]. A surprising fact is that the temperatures of 
the site changes are generally lower in AlN than in GaN. 
Since AlN has a greater bond strength and hence a more 
rigid lattice than GaN, which should hinder diffusion, this 
observation has no simple explanation. We also note that 
the interstitial diffusion of Na in ZnO is much faster than 
in GaN, with Na site changes in ZnO happening already 
around 145°C (cf. Table II), although the two materials 
have quite similar structural properties. 
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TABLE II. Comparison of the characteristics for the site changes of light alkalis and alkaline earths in GaN, AlN and ZnO. Ti→S is the 
temperature of the site changes from interstitial to substitutional Ga, Al or Zn sites observed in emission channeling experiments 
following the implantation of the radioactive isotopes 8Li (t1/2=838 ms), 11Be (t1/2=13.8 s), 24Na (t1/2=14.96 h) and 27Mg (t1/2=9.45 min). 
The characteristic time scales ∆t for the site changes are the radioactive lifetimes τ in case of the short-lived isotopes 8Li (τ=1.2 s), 11Be 
(τ=19.9 s) and 27Mg (τ=13.6 min), but a fixed annealing time of 10 min in the case of 24Na. EM,exp are the experimental estimates for the 
activation energies for migration of the interstitial impurities derived from Ti→S, while EM,theo are values predicted by theory, with (⊥) 
indicating values for migration perpendicular and (||) parallel to the c-axis. The ionic radii given are the so-called “crystal ionic radii” 
for 4-fold coordination from Ref. [41]. 

 
Material Interstitial ion Ionic 

radius (Å) 
Ti→S (°C) EM,exp (eV) [Ref] EM,theo (eV) [Ref] 

 
 
GaN 

Li+ 0.76 ~427 ~1.7 [16, 39] 1.4 (⊥) 1.55 (||) [43],  
1.16 (⊥) 1.05 (||) [13] 

Be2+ 0.41 350−400 1.2−2.1a [42] 1.2 (⊥) 2.9 (||) [14], 
0.76 (⊥) 1.88 (||) [13] 

Na+ 1.13 ~900 2.2−3.4 [this work] 2.95 (⊥) 2.41 (||) [13] 
Mg2+ 0.71 ~400 1.3−2.0 [34] 0.15 (⊥) 0.68 (||) [44-45], 

2.20 (⊥) 2.01 (||) [13] 
 
AlN 

Li+ 0.76 ~427 ~1.7 [16]  
Na+ 1.13 600−900 2.0−3.1 [this work]  
Mg2+ 0.71 300−400 1.1−1.7 [28]  

ZnO Na+ 1.13 ~145 0.81−1.32 [21] 0.74 (⊥) 1.33 (||) [46] 
a Based on a preliminary analysis of recent 11Be lattice location measurements [45], the major site change of Be occurs around 350-
400°C, but there may be further contributions at higher and lower temperatures. 

 
Comparing the experimental estimates EM,exp to the 

theoretical predictions for EM, as shown in Table II, one 
concludes that there is usually good correspondence. An 
exception are the values of 0.15 eV and 0.68 eV predicted 
by Harafuji et al. [44-45] for migration of Mg in GaN 
perpendicular and parallel to the c-axis, which are by far 
too low to be compatible with the experimental estimate of 
1.3−2.0 eV of Ref. [33] and also do not scale well with all 
other theoretical predictions in Table II. 

Macroscopic diffusion studies for light alkali and 
alkaline earth elements in GaN at temperatures around 
900−1500°C give a somewhat disperse picture. While no 
data are available for Li and Na, for Be in GaN an 
activation energy for macroscopic diffusion of ~4 eV was 
reported [47]. In the case of the major p-type dopant Mg in 
GaN, several studies found no or very little diffusion [48-
49], while others claim quite low activation energies, e.g. 
1.3 eV [50] and 1.9 eV [51]. While low activation energies 
for Mg diffusion have often been associated with diffusion 
along dislocation lines [52-53], the emission channeling 
results suggest that in the absence of traps such as 
vacancies also simple interstitial diffusion should play a 
significant role. A carefully analyzed study led to the 
conclusion that macroscopic Mg diffusion in GaN occurs 
by the interstitial-substitutional mechanism with an 
activation energy of 5.0 eV [54]. We note that an 
interstitial-substitutional diffusion mechanism is also what 
one would expect taking into account the emission 

channeling results showing the high interstitial diffusivities 
of Li, Be, Na and Mg. The activation energy for 
macroscopic diffusion is in this case essentially the same 
as the activation energy for the dissociation of the 
substitutional impurity, Ediss. Using positron annihilation 
spectroscopy, the creation of Ga vacancies in Be-doped 
GaN has recently been observed following prolonged (2 h) 
annealing at 900°C [55]. The corresponding activation 
energy was derived as Ediss=3.5 eV, which roughly 
coincides with the activation energy for macroscopic Be 
diffusion of 4.0 eV reported in Ref. [47]. It has not been 
possible to directly determine Ediss of substitutional Li, Be, 
Na and Mg in GaN and AlN using emission channeling, 
since our experimental setups are limited to 800-900°C 
annealing and thus can only reach the lower limit of the 
required temperature range. Note that we did not attempt 
to explore the Fermi level effect on substitutional vs 
interstitial Na preference predicted by theory [12], since 
implantations above 1×1012 cm−2 already seem to push the 
p- or n-doping type of GaN towards intrinsic conditions 
[19, 34]. 

V. CONCLUSIONS 

Emission channeling studies of the lattice location of 
implanted 24Na in GaN and AlN reveal the co-existence of 
interstitial Na near octahedral positions and substitutional 
Na on Ga or Al sites in the as-implanted state. Hence, Na 
is clearly confirmed as an amphoteric impurity in GaN and 
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AlN. The interstitial position of Na could be determined 
close to the O site in GaN, while somewhat shifted 
(−0.126 Å) towards the HA site in AlN. Annealing of the 
implanted GaN samples at 800-900°C and AlN at 600-
900°C converted a significant fraction of the interstitial Na 
to the cation substitutional sites, a process which is 
explained by interstitial Na migration and combination 
with Ga or Al vacancies created during implantation. We 
estimate activation energies for Na migration as 
2.2−3.4 eV in GaN and 2.0−3.1 eV in AlN. The behaviour 
of implanted Na in GaN and AlN shows great similarity to 
the cases of Li and Mg, for which similar lattice site 
changes from interstitial to substitutional have been 
reported previously. Since comparable phenomena were 
recently also observed for Be in GaN [42], this shows that 
all four light alkali metals and alkaline earths are 
amphoteric in GaN. The lattice site change temperatures 
and hence the activation energies for interstitial migration 
EM were found to be correlated with the ionic radii of Li+, 
Be2+, Na+, and Mg2+ and are in agreement with most 
theoretical predictions. Moreover, our emission channeling 
results support that long-range diffusion of these elements 
should occur by the interstitial-substitutional mechanism. 

SUPPLEMENTARY MATERIAL 

See supplementary material for additional sample 
characteristics, background correction, many-beam 
simulations, theoretical patterns from different lattice sites 
in GaN and AlN, Timepix measurements of GaN #1, pad 
detector measurements of GaN #2, and a number of other 
comments.  
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