
Submitted to PHYSICAL REVIEW B 

Direct evidence of Be as an amphoteric dopant in GaN 

U. Wahl,1,* J. G. Correia,1 A. R. G. Costa,2 T. A. L. Lima,2 J. Moens,2 M. J. Kappers,3 M. R. da Silva,4 L. M. C. Pereira,2  
and A. Vantomme2 

1Centro de Ciências e Tecnologias Nucleares, Departamento de Engenharia e Ciências Nucleares, Instituto Superior Técnico,  
Universidade de Lisboa, 2695-066 Bobadela LRS, Portugal 

2KU Leuven, Quantum Solid-State Physics, 3001 Leuven, Belgium 
3Cambridge Centre for Gallium Nitride, University of Cambridge, Cambridge CB3 0FS, United Kingdom 

4CICECO, Institute of Materials, Universidade de Aveiro, 13810-193 Aveiro, Portugal 
(Received January 2022) 

 
The interest in Be as an impurity in GaN stems from the challenge to understand why GaN can be doped p-

type with Mg, while this does not work for Be. While theory has actually predicted an acceptor level for Be that 
is shallower than Mg, it was also argued that Be is not a suitable acceptor because its amphoteric nature, i.e. its 
tendency to occupy substitutional Ga as well as interstitial sites, would be considerably more pronounced than 
for Mg and hence lead to self-compensation. Using the emission channeling technique at the ISOLDE/CERN 
facility, we determined the lattice location of 11Be (t1/2=13.8 s) in different doping types of GaN as a function of 
implantation temperature. We find within an accuracy of 0.08 Å that the location of interstitial Be is the one 
predicted by theory. The room temperature interstitial fraction of 11Be was correlated with the GaN doping type, 
being highest (up to ~80%) in p-type and lowest in n-GaN, thus giving direct evidence for the amphoteric char-
acter of Be. We find that interstitial 11Be fractions are generally much higher than for Mg, which confirms that 
indeed self-compensation should be considerably more pronounced for Be. With rising implantation tempera-
ture, an increasing conversion of interstitial to substitutional Be is observed, involving at least two clearly iden-
tifiable steps at 50-150 °C and 350-500 °C. This suggests that the migration of interstitial Be may be subject to 
two different activation energies. 
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I. INTRODUCTION 

Gallium nitride is a wide band gap semiconductor that has 
revolutionized solid state lighting technology and is nowa-
days also increasingly used for power electronics devices. 
One of the breakthroughs that paved the way for technologi-
cal applications of GaN, was the realization of p-type doping 
by means of Mg in 1989 [1,2]. However, Mg in GaN is a 
comparatively deep acceptor (acceptor ionization energy 
EA≈245 meV [3]) and suffers from a number of other issues 
such as hydrogen passivation [4], compensation by native do-
nors [4,5], the tendency of Mg to form clusters [6], or its am-
photeric nature [5,7-8], that all limit the achievable free hole 
concentrations. Therefore, intensive research for alternative 
p-type dopants that might present shallower energy levels has 
been on the way, and Be, like Mg an element from group II 
of the periodic table, has been one of the candidates investi-
gated. However, experimentally, Be-doped GaN has been 
found to be highly compensated [9] or semi-insulating [10-
16], indicating the compensation of Be acceptors by donor-
type defects, although the nature of the latter remained un-
clear. 

From the theoretical side, Be is one of the most studied 
impurities in GaN and considerable efforts have been made 
in order to understand its doping behavior [4,16-32]. How-
ever, up to now no consensus has been reached regarding the-
oretical predictions of its acceptor level(s), for which values 
of <200 meV [16], 60 meV [17], 185-241 meV [18], 183-190 
meV [20], 60 meV [22], 120 meV [23], 550 meV [25], 47-93 
meV [26], 600 meV [28], 720-800 meV [29], and 205 meV 

[31] can be found in the literature. One theoretical study [24] 
and recent experimental results [30] point towards the hy-
pothesis that Be has two acceptor levels, a relatively shallow 
one (EA≈113 meV), and a second, which is deeper (EA≈580 
meV) and characterized by large lattice relaxations. Moreo-
ver, several theoretical studies [4,16,19,21-23,25,31] have 
predicted that Be is an amphoteric impurity in GaN, meaning 
that it can occupy substitutional Ga positions (BeGa), where it 
acts as an acceptor, but also interstitial sites (Bei), where it 
acts as a double donor. This implies that the formation of in-
terstitial Bei instead of substitutional BeGa should become 
more favorable in p-GaN, which was forecast to be the case 
once the Fermi level is closer than ≈1.2 eV [16], 0.8 eV [19], 
0.5 eV [21], 0.3-0.5 eV [22], 1.4-1.8 eV [25], or 1.2-1.6 eV 
[31] from the valence band. The lack of p-type characteristics 
following Be doping could thus be explained by self-compen-
sation, i.e. by the incorporation of similar amounts of BeGa 
and Bei, with the additional possibility of the formation of 
electrically inactive Bei-BeGa complexes. However, for the 
existence of interstitial Be, despite being predicted by theory, 
no direct experimental evidence was given so far. The only 
indication comes from positron annihilation spectroscopy ex-
periments [33], where it was found that in Be-doped GaN fol-
lowing prolonged high-temperature annealing around 900 °C, 
an increased amount of Ga vacancies VGa was detected. The 
authors suggested that substitutional BeGa was converted to 
interstitial Bei according to the reaction BeGa→Bei+VGa for 
which an activation energy of 3.5±0.5 eV was estimated.  

Here we present experimental results on the lattice location 
of ion implanted Be, which clearly establish its amphoteric 
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nature, i.e. we find the co-existence of Be on substitutional 
Ga and on interstitial sites, with the Be lattice location pref-
erence depending on the doping character of the sample. Ion 
implantation introduces Ga and N vacancies and interstitials 
into the sample, which may interact with each other to form 
more complicated defect complexes, but also with the im-
planted species. In addition, ion implantation is a process out 
of thermal equilibrium. While one therefore may not expect 
exactly the same lattice sites occupied by Be as for doping 
during growth, our results clearly show that the doping type, 
and hence the position of the Fermi level, influences the Be 
location even following ion implantation. We are also able to 
experimentally confirm theoretical predictions for the exact 
location of interstitial Be in the wide-open channels parallel 
to the c-axis. Besides, we present estimates for the activation 
energies of the interstitial migration of Be, which support the 
suggestion by theory that there exist two different activation 
energies for Bei diffusion, one for migration parallel to and 
the other for migration perpendicular to the c-axis. 

 
 

II. METHODS 

For lattice location determination of Be, we made use of 
the electron emission channeling (EC) technique from radio-
active isotopes [34-37]. In this experimental method (cf. 
schematic illustration S1 in supplemental material [38]), ra-
dioactive probe isotopes are ion implanted into single-crys-
talline samples, typically at low fluences of 1011-1013 cm−2. 
Depending on their chemical nature and experimental condi-
tions, the probe atoms occupy specific lattice sites in the ma-
terial, on which they subsequently decay by the emission of 
β− particles. The β− particles interact with the crystal potential 
which guides them on their way out of the sample. This effect 
results in a pronounced angular dependence of the β− emis-
sion yields around major crystallographic directions, that are 
characteristic for the lattice site(s) that the probe atoms occu-
pied during their decay. The corresponding angular-depend-
ent emission patterns are recorded by means of a two-dimen-
sional position-sensitive detector (PSD) [35,36] which is 
placed at a suitable distance from the sample. The major lat-
tice sites can be identified by fitting the experimentally ob-
served emission yields by linear combinations of theoretically 
expected patterns calculated for specific positions of the emit-
ter atoms in the lattice [35,36,39].  

The only isotope of Be which is suitable for electron emis-
sion channeling lattice location experiments is the short-lived 
11Be (t1/2=13.81 s). 11Be was produced at the on-line isotope 
separator facility ISOLDE [40] at CERN, by means of 1.4-
GeV proton-induced spallation reactions from a UC2 target. 
Following out-diffusion from the UC2 target at high temper-
ature, the 11Be atoms were ionized using a resonant laser ion 
source [41], electrostatically accelerated and mass-separated. 
11Be decays by the emission of β− particles with an endpoint 
energy of 11506 keV (average β− energy 4652 keV) into sta-
ble 11B. Due to the unusually high energies of the emitted β− 
particles, which are about a factor of 5-10 higher than for 
more common EC probe isotopes, emission channeling lattice 

location experiments with 11Be and their analysis are particu-
larly challenging. Since the angular width of channeling ef-
fects scales approximately inversely proportional to the 
square root of the particle energy, β− EC effects from 11Be are 
very narrow (angular widths less than 0.5°), requiring supe-
rior angular resolution. The samples were analyzed using a 
3×3 cm2 Si pad PSD consisting of 22×22 pixels of size 
1.3×1.3 mm2, which was placed at 60 cm from the sample, 
resulting in an angular range of ±1.36°. While the compara-
tively large distance from sample to detector guarantees suf-
ficient angular resolution (0.05° standard deviation), it results 
in a relatively small solid angle of detection, so that during 
Be beam times less measurements can be performed than in 
the case of other isotopes such as, e.g., 27Mg in GaN [7-8]. 

Moreover, the analysis of EC patterns from 11Be is also 
challenging since the computational effort required to calcu-
late theoretical emission patterns by means of the “many-
beam” formalism grows considerably as a function of the 
electron energy. Angular emission patterns from 200-250 dif-
ferent lattice sites in the wurtzite structure were calculated 
around the major crystallographic directions in x- and y-di-
rection from −3° to +3° in steps of 0.025°. More details on 
the corresponding “many-beam” calculations are given in the 
supplemental material [38]. 

Three of the samples were epilayers grown at the 
University of Cambridge: a not intentionally doped GaN (nid-
GaN #1), an n-GaN:Si layer doped with 1×1019 cm−3 Si, and 
a p-GaN:Mg layer doped during growth with 2×1019 cm−3 Mg 
and annealed for 20 min at 800°C under nitrogen atmosphere 
in order to drive out H and electrically activate the Mg 
(typical hole concentrations 1-2×1017 cm−3 and Hall mobili-
ties 10-15 cm2/Vs [42]). In addition, two undoped layers (nid-
GaN #2 and #3) from other suppliers were used during ex-
ploratory measurements. The characteristics of the different 
samples are described in more detail in the supplemental ma-
terial [38]. 

The EC measurements were performed during 30 keV 
implantations of 11Be+ using the on-line setup described in 
Ref. [43]. The 11Be implantation profiles are approximately 
Gaussian with mean depth and straggling around 900(400) Å 
[44], varying somewhat due to the fact that different 
implantation angles towards the surface normal are required 
for on-line detection of the channeling effects from the 
various crystallographic directions. The typical beam current 
into the 1 mm diameter beam spot was around 1.1 pA, corre-
sponding to 7×106 atoms/s and a fluence rate of 9×108 at-
oms/cm2/s.  

For the analysis of the experimental patterns, these were 
fitted [35,39] by a linear combination of substitutional and 
interstitial 11Be emitter atoms. In order to identify the most 
likely interstitial Bei site, its position was varied and the chi 
square of fit used as a criterium.  

When measuring electron emission channeling effects the 
recorded angular anisotropy is always subject to background, 
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which arises mostly from two sources: a) electrons which un-
dergo large-angle scattering inside the sample, the substrate, 
the sample holder, or on the walls of the vacuum chamber and 
hence do not contribute to the channeling effect, and b) 
gamma radiation. The latter may be emitted by the sample 
itself and thus reach the detector directly, or from 11Be atoms 
which are deposited on the collimator nozzle and whose 
gamma radiation reaches the detector through the shielding in 
between nozzle and detector, or result from other radioiso-
topes in the vicinity of the detector. Both electron and gamma 
background were taken into account in the analysis, by mul-
tiplying fitted fractions with a background correction factor 
of 1.8 (details on derivation of background correction factor 
can be found in supplemental material [38]). This allowed es-
timating “absolute” fractions on substitutional and interstitial 
sites, fS and fi, as are given below in Figs 1 and 2. Typically, 
the error in the sum fractions fsum=fS+fi of identified sites is in 
the 10-15% range, and an overestimation of background may 
then cause the sum of identified fractions to be somewhat 
larger than 100%. In on-line experiments with short-lived iso-
topes, a complication arises from the fact that changes in 
beam characteristics may lead to a variation of the 

distribution of radioactive probe atoms deposited on the sam-
ple and on the nozzle. For the case of 11Be, where the vacuum 
valves to the production target have to stay constantly open, 
an additional problem is background from radioactive noble 
gases. Proton impact on the UC2 targets also produces iso-
topes of radioactive noble gases, which can out-diffuse and 
migrate through the beam lines [45], thus reaching the vicin-
ity of the detector. Changes in beam characteristics and radi-
oactive noble gas background cause variations in the gamma 
background of the order of 5-10% which would be reflected 
as proportional variations in both the derived fractions fS and 
fi on substitutional and interstitial sites. Such variations can 
be eliminated by considering not the absolute but the relative 
fractions of substitutional or interstitial sites, e.g. fi/(fS+fi). 
This approach has been chosen for the data presented in Figs 
6 and 7, when assessing the amount of interstitial Be as func-
tion of implanted fluence and implantation temperature, re-
spectively. 

 
III. RESULTS AND DISCUSSION 

 
FIG. 1. (a)-(d) Angular distribution of β− emission yields from 11Be 
in p-GaN:Mg, measured during RT implantation. (e)-(h) The best 
fits of simulated patterns, corresponding to 65% on Bei interstitial 
and 38% on substitutional Ga sites. The major planar directions are 
indicated. Number of detector events per experimental pattern: (a) 
1.7×107, (b) 4.3×106, (c) 4.3×106, (d) 9.7×106. 
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FIG. 2. (a)-(d) Angular distribution of β− emission yields from 11Be 
in p-GaN:Mg, measured during implantation at 800°C. (e)-(h) show 
the best fit of simulated patterns, corresponding to 97% on substi-
tutional Ga and 4% on Bei interstitial sites. Note that the azimuthal 
orientation of the [0001] pattern differs by 12° from the one shown 
in Fig. 1(a). Number of detector events per experimental pattern: (a) 
3.0×106, (b) 2.7×106, (c) 3.3×106, (d) 3.4×106. 
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In Fig. 1(a)-(d) we have displayed the normalized angular 
distributions of β− particles emitted around the [0001], 
[−1102], [−1101] and [−2113] directions of the p-GaN:Mg 
sample during room temperature (RT) implantation of 11Be. 
The best fits of theoretical patterns [Fig. 1(e)-(h)] are repre-
sented by a linear combination of theoretical patterns from 
11Be on substitutional Ga and interstitial Bei sites, which, fol-
lowing background-correction, correspond to fractions of 
fS=38% and fi= 65%, hence with the majority on interstitial 
sites. Figure 2 (a)-(d) show experimental patterns around the 
same four axial directions as Fig. 1, but for the implantation 
temperature Ti=800°C. In this case, the fit procedure resulted 
in background-corrected fractions of 97% on substitutional 
Ga sites and 4% on interstitial positions [Fig. 2(e)-(h)]. 

Patterns for RT and 600°C implantations in samples nid-GaN 
#1 and #3 are shown in Figs S9-S11 of the supplemental ma-
terial [38]. The procedure of how the exact location of the 
best fit Bei position was determined will be discussed below. 

The considerable amount of 11Be on interstitial sites at RT 
is qualitatively illustrated by the following. The [0001] pat-
tern in Fig. 2(a) for 800 °C implantation is dominated by sub-
stitutional sites, for which the sets of planar directions 
(11−20) and (01−10) exhibit rather similar intensity of chan-
neling effects, with (11−20) being somewhat more intense 
than (01−10) [Figs 3(e) and S5(e)]. Channeling effects from 
the minor planes (41−50) are invisible in this case. For inter-
stitial sites, the [0001] and [−2113] axial and the planar 
(01−10) effects are characterized by emission minima rather 
than channeling effects [Figs. 3(a), 3(d), S5(a) and S5(d)]. 
Therefore, the channeling intensities of these directions are 
considerably reduced for RT implantation when mostly inter-
stitial sites are occupied: in Fig. 1, which is dominated by Bei 
interstitial sites, in panel (a) the anisotropy of the axial [0001] 
effect is around 25% of that in Fig. 2(a). In addition, the 
(01−10) planes [Fig. 1(a) and 1(d)] and the [−2113] axis [Fig. 
1(d)] show minima. On the other hand, since along [−1102] 
and [−1101] half of the projections of the Bei interstitial sites 
are approximately aligned with atomic rows of Ga (cf. Fig. 
S3 of supplemental material [38]), the corresponding calcu-
lated patterns show channeling effects along these directions 
[Fig. 3(b) and 3(c)], with maxima that correspond to roughly 
half the anisotropy resulting from the occupation of substitu-
tional Ga sites. 

Note that [0001] patterns do not allow to pinpoint the po-
sition of the Bei interstitials parallel to the c-axis, this can 
only be accomplished from analyzing patterns measured off 
the c-axis, i.e. in our case [−1102], [−1101] and [−2113]. For 
this purpose, we have adopted the following procedure. For 
each pattern two-site fits were performed, where the first site 
was kept fixed at the substitutional Ga position, while the po-
sition of the second, interstitial site was varied in small steps 
parallel to the c-axis in the center of the wide-open space. As 
step width we used 0.0162 Å in between HA and HB sites 
(i.e. in the vicinity of the ideal O position), and 0.0486 Å in 
between HA or HB and HAB. The resulting χ2 of fit were 
normalized to those of one-site fits with substitutional Ga 
sites only. The results are shown in Fig. 4. In case of the nid- 
and p-GaN samples implanted at room temperature, which 
both showed relatively large fractions of Bei, distinct minima 
in the relative χ2 were grouped in a relatively narrow region 
around a position +0.69(8) Å from ideal O sites, i.e. in be-
tween the HB and HAB sites. In case of the n-GaN sample, 
unfortunately only the [−1102] and [−1101] direction could 
be measured, and the results are less clear. First, the variations 
in the relative χ2 are less pronounced since in n-GaN, as will 
be shown below, less 11Be probe atoms occupy the interstitial 
sites, leading to a smaller improvement in fit quality when 
interstitial positions are allowed in the fit. Second, two of the 
three measurements performed show minima close to the Bei 
position identified for the nid- and p-GaN samples, with less 
pronounced minima in between the O and HB sites. The third 
measurement shows the minimum about midway between O 

 
FIG. 3. Simulated β− emission channeling patterns for 30 keV im-
planted 11Be in GaN along the four major crystallographic direc-
tions. (a)-(d) are patterns for 100% of emitter atoms on the Bei in-
terstitial sites, i.e. shifted by +0.69 Å from ideal O sites via HB to-
wards the HAB position, while (e)-(h) are for 100% on substitu-
tional Ga sites. Note that the orientation of all patterns has been 
chosen so as to correspond to the measurements at RT as shown in 
Fig. 1(a)-(d). The occupation of substitutional Ga sites results in 
distinct channeling effects along all major axial and planar direc-
tions. The clearest distinction between BeGa and Bei sites is visible 
in the [0001] and [−2113] patterns. For Bei sites the axial [−2113] 
effect, and the set of (01−10) planes, located under angles of −42°, 
+18°and +78° from the horizontal in (a), and horizontally in (d), are 
characterized by blocking minima. Note that a version of this figure 
with all major planes indicated can be found in Fig. S5 of the sup-
plemental material [38]  

-1.0 -0.5 0.0 0.5 1.0
(a) [0001]

simulation 100% Bei

0.877
0.910
0.943
0.977
1.010
1.043
1.077
1.110
1.144

-1.0 -0.5 0.0 0.5 1.0
simulation 100% BeGa

(e) [0001]

0.924
0.978
1.032
1.086
1.139
1.193
1.247
1.301
1.355

(b) [1102]

0.931
0.957
0.983
1.009
1.035
1.061
1.087
1.113
1.138

(f) [1102]

0.917
0.962
1.008
1.053
1.099
1.144
1.189
1.235
1.280

(c) [1101]

0.941
0.957
0.974
0.990
1.007
1.023
1.040
1.056
1.073

(g) [1101]

[deg]

0.911
0.945
0.980
1.014
1.049
1.083
1.118
1.152
1.187

-1.5 -1.0 -0.5 0.0 0.5

(0110)

(d) [2113]

 

0.873
0.895
0.917
0.940
0.962
0.984
1.007
1.029
1.052

-1.5 -1.0 -0.5 0.0 0.5

(h) [2113]

0.906
0.945
0.983
1.022
1.060
1.099
1.138
1.176
1.215



 5 

and HB sites, with a weaker minimum near the Bei position. 
While this may be an artefact of this particular measurement, 
the possibility cannot be ruled out that there are two types of 
interstitial sites occupied in the n-GaN sample. However, the 
approach of using three-site fits gave ambiguous results, and 
this could not be confirmed. 

Figure 5 displays the predicted relative energy of for-
mation of Bei in GaN (with respect to the ideal O position) as 
a function of the position parallel to the c-axis (with the origin 
of the length scale on ideal O sites), as reported by Van de 
Walle et al. [22] from their first principle density functional 
calculations. Shown as colored vertical lines are the theoreti-
cally predicted minimum energy positions of Bei, which are 
+0.65 Å [22], +0.68 Å [23], and +0.74 Å [27] from O sites, 
as well as at +0.69(8) Å the most likely position identified 
from the emission channeling lattice location, as described 
above. As can be seen, the theoretical predictions agree quite 
well with each other and the Bei position obtained from emis-
sion channeling experiments. 

In Fig. 6 we show the derived relative fractions of intersti-
tial Bei, fi/(fS+fi), for RT implantations as a function of rec-
orded events in the detector. Each data point corresponds to 
~280000 detector events, which is equivalent to an implanted 
11Be fluence of 1.8×1011 cm−2. As is clearly visible the highest 
amount of interstitial Be is obtained in p-GaN, where at the 
beginning of the implantations into each fresh beam spot val-
ues around 65-80% are reached. As the implanted fluence in-
creases, the amount of interstitial Bei decreases, while it is 
also subject to fluctuations that can reach more than ±10%. 
As was previously discussed for the case of 27Mg [8], the 
rapid fluctuations are probably related to the quasi-periodic 
build-up of positive surface charges resulting from the posi-
tive charge of the implanted Be+ ions, secondary electron 
emission during the implantation process, as well as β− parti-
cles emitted from the sample. This may lead to quasi-periodic 
fluctuations of the Fermi-level in the near-surface region. 
These fluctuations are averaged out by measuring for longer 
time intervals or by smoothing the raw data points, as shown 
by the red curves in Fig. 6. The amount of interstitial Be is 
lowest in n-GaN, reaching only values around 30% at the be-
ginning of the implantation, and dropping to ~20% for 
3.8×1012 cm−2. The prevalence of interstitial vs substitutional 
Be in p-type GaN clearly illustrates the amphoteric character 
of Be, as it was predicted by theory that interstitial Be should 
be more abundant when the Fermi level is close to the valence 
band. As was already explained for the case of 27Mg [8], pro-
longed implantations, in this case of Be, lower the interstitial 
fractions of amphoteric dopants in p-type GaN since the radi-
ation damage introduced by implantation has a compensating 
effect, i.e. the Fermi level moves upward and the material 
loses its p-type character. Moreover, in all doping types, with 

 

FIG. 4. Relative χ2 of the fits to the experimental [−1102], 
[−1101], [−2113] patterns from room temperature implantation of 
11Be in GaN as a function of displacement of the 11Be 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 substitutional Ga 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 substitutional Ga fit. The black vertical lines indicate the po-
sitions of the HA, O and HB interstitial sites. The magenta-col-
ored vertical line shows the average of the best fit positions from 
the nid- and p-GaN samples.  
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FIG. 5. The open and closed circles show the calculated relative 
formation energy of Bei2+ interstitials at various positions within 
the open channel parallel to the c-axis of the GaN wurtzite lattice 
using two different k-meshes, with the solid line interpolated val-
ues, as given in Fig. 8 of Ref. [22]. The dashed blue vertical lines 
represent the positions of the Ga and N planes perpendicular to 
the c-axis, while the violet, orange and green vertical lines indi-
cate the positions of Bei minimum total energy predicted in Refs 
[22,23,27], respectively. The Bei position that resulted in the 
overall best fits of EC data from this work is shown as the vertical 
red line. 
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increasing Be fluence the accumulation of Ga vacancies VGa 
makes it more likely that freshly implanted 11Be atoms during 
their slowdown find a VGa to combine with and thus become 
BeGa. Since the amount of VGa introduced into the samples by 
Be implantation influences the fractions of substitutional Be, 
one may ask whether the initial, native concentrations of VGa 
differ in between n-and p-type material, and how this could 
possibly influence the outcome of the experiment. As a matter 
of fact, by means of positron annihilation spectroscopy 
(PAS), native VGa concentrations were found to depend on the 
type of doping and the growth method [46-49]. VGa could 
never be detected (<1016 cm−3) in p-GaN [47-48], while in not 
intentionally doped n-type GaN grown by the metalorganic-
chemical-vapor deposition method (MOCVD) [VGa] was re-
ported often as high as 1017-1018 cm−3 [46,48], but could be 
varied in between 1016 cm−3 to 1019 cm−3 by means of choos-
ing the N/Ga molar ratio during growth [47]. On the other 
hand, in n-GaN intentionally doped with Si during MOCVD 
growth, only up to 5×1016 cm−3 VGa were found [48]. In our 
case, the native VGa concentrations are probably of minor im-
portance for the outcome of the experiment.  As estimated by 

SRIM simulations [44], 30 keV implantation of 3.2×1012 cm−2 
11Be creates a peak concentration of 4.8×1019 cm−3 VGa (be-
fore thermalization), which is quite above the values reported 
for typical native samples. In Mg-implanted GaN, PAS iden-
tified as major positron-trapping defect species the double va-
cancy (VGa VN), although concentrations could not be quanti-
fied [49]. 

Figure 7 shows the derived relative fractions of interstitial 
Bei, fi/(fS+fi), as a function of implantation temperature for 
three samples of different doping types. These were obtained 
by measuring only the [0001] pattern from each sample and 
increasing the implantation temperature without changing the 
sample orientation, i.e. the beam spots on the samples were 
left unchanged. Also, due to the longer measuring times at 
each temperature, initial transients and fluctuations, such as 
are observed in Fig. 6, are averaged out. First, we note that 
for RT implantation, relative interstitial fractions are highest 
in p-GaN (~57%), somewhat lower (~50%) in nid-GaN, 
while being considerably smaller (~25%) in n-GaN. As a gen-
eral trend, with increasing implantation temperature, the 
amount of interstitial Be was reduced in all samples, however, 
not in a monotonous way. In each case there are two steps 
visible. A first, smaller step is observable in all samples in 
between 50°C and 150°C. Above this step, the interstitial 
fractions even seem to increase somewhat again until around 
350°C the second, most prominent step is reached. This slight 
rise, which is not very obvious here, was observed much more 
pronounced in the case of 27Mg, where it was attributed to the 
fact that with increasing implantation temperature the amount 
of produced Ga vacancies is reduced, thus providing less pos-
sibilities for substitutional incorporation of the implanted Mg 
[7,8]. Following the 350-500°C step, the relative interstitial 
fractions are not zero, though. In p-GaN, where data are avail-
able up to 800°C, Bei was further reduced rather monoto-
nously to a few per cent only. A similarly low fraction was 
reached in nid-GaN already by implanting at 600°C. For n-
GaN, the highest implantation temperature investigated was 
500°C, which reduced the relative interstitial fraction to 
~10%. Assuming that the steps are due to the reaction 
Bei+VGa→BeGa, where mobile Bei interstitials migrate until 
after a number of jumps N they encounter a Ga vacancy VGa, 
the various steps were fitted using the following Arrhenius 

 
FIG. 6. Relative amounts of interstitial 11Bei for RT implantation as 
a function of the integrated number of measured events in (a) n-
GaN, (b) nid-GaN, and (c) p-GaN. The red lines in the plots were 
obtained by performing 5-point smooths on the raw data points. 
Every 5×106 events correspond to an implanted 11Be fluence of 
3.2×1012 cm−2, as indicated by the black arrows. Note that in panel 
(c) for each of the three data sets a fresh beam spot was chosen, thus 
the overall number of implanted Be atoms did not accumulate in a 
single spot on this sample.  
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approach, as was described in more detail in Refs. [7,8] for 
the case of 27Mg:  

𝑓𝑓i(𝑇𝑇) = (𝑓𝑓i0 − 𝑓𝑓𝑖𝑖∞) 1

1+𝜈𝜈0𝜏𝜏𝑁𝑁 𝑒𝑒
−𝐸𝐸M
𝑘𝑘B𝑇𝑇

+ 𝑓𝑓𝑖𝑖∞  (1) 

fi0 and fi∞ are the interstitial fractions at temperatures below 
and above the step, ν0 the jump attempt frequency, τ=19.9 s 
the radioactive lifetime of 11Be, and EM the activation energy 
for migration of interstitial 11Bei. Taking the attempt fre-
quency ν0=2×1013 Hz [7], N was assumed either to be 1 (VGa 
immediately neighboring 11Bei), or 3.6×105 (upper limit when 
the diffusion-induced broadening of the 11Be profile would 
become comparable to the implantation depth) and least 
square fits performed on the data sets in Fig. 7. 

The best fit curves to fi/(fS+fi), assuming the functional re-
lationship of eq. (1), have been included in Fig. 7, as well as 
the corresponding migration energies EM. As can be seen, 
there are only small differences in the best fit values for EM, 
being 1.00-1.10 eV (N=1) and 0.62-0.68 eV (N=3.6×105) for 
the step around 50-150°C, and 1.78-2.08 eV (N=1) and 1.11-
1.28 eV (N=3.6×105) for the step around 350-500°C. Our es-
timates for EM related to the two steps fall close to the range 
of values predicted by theory for migration of interstitial Bei

2+ 
in GaN perpendicular and parallel to the c-axis, respectively, 
which are EM⊥=1.18 eV and EM||=2.90 eV [21,22], and 
EM⊥=0.76 eV and EM|| =1.88 eV [27]. A probable explanation 
for the two steps is hence that the first step around 50-150°C 
is related to migration of 11Bei perpendicular to the c-axis, 
while the second step around 350-500°C represents 11Bei mi-
gration parallel to it. 

Assuming this interpretation is correct, it may seem sur-
prising that the step at 50-150°C does not lead to a more se-
vere drop in the interstitial Be fraction, since it should result 
in long-range diffusion. However, if in this case the migration 
of each 11Be probe is confined to one specific interstitial plane 
perpendicular to the c-axis, i.e. parallel to the surface, the 
chance of encountering Ga vacancies within that plane is lim-
ited, and it may be that a considerable amount of implanted 
11Be ions do not encounter a VGa during their lifetime.  

It is worthwhile mentioning, that the energies for intersti-
tial migration EM estimated from emission channeling exper-
iments of 8Li, 24Na and 27Mg in GaN and 24Na and 27Mg in 
AlN were found to be correlated with the ionic radii of Li+, 
Na+, and Mg2+ [50] and in agreement with most theoretical 
predictions. The data presented here for the case of Be2+ fur-
ther confirm this trend: due to having the smallest ionic radius 
of 0.41 Å, Be2+ is the fastest interstitial diffuser among these 
alkaline and alkaline earth ions.  

In the p-GaN sample there is still a continuous decrease in 
fi between 550-800°C. Such a behavior would be understand-
able if there would be a process that slows down the migration 
for part of the interstitial Be, such as being bound to other 
defects, so that for some Be interstitials a higher activation 
energy is required to combine with Ga vacancies. On the 
other hand, since the beam spot was left unchanged, there is 
also the effect that with each new measurement temperature 
the sample has reached a higher implanted fluence of Be, 

which may lower the interstitial fractions due to the introduc-
tion of Ga vacancies. In order to test for this effect, following 
the last measurement of the p-GaN sample at 800°C, a new 
beam spot was chosen and the pattern remeasured at the same 
temperature. This increased the relative interstitial fraction of 
Be from 5% to 13%, which shows that there exists a fluence 
effect even at this high temperature. Considering that the first 
measurement at 800°C took place on the beam spot that had 
accumulated Be implantations from all previous measure-
ments at lower temperatures, amounting to a fluence of 
2.3×1013 cm−2, obviously not all of the accumulated damage 
had been removed at this temperature. 

As was briefly mentioned in the introduction, it was sug-
gested from positron annihilation spectroscopy experiments 
[33] that prolonged (2 h) annealing at 900°C causes substitu-
tional BeGa to leave its lattice site and become interstitial ac-
cording to the reaction BeGa→Bei+VGa. In principle this 
should be detectable with the emission channeling method as 

 
FIG. 7. Relative amounts of interstitial 11Be as a function of im-
plantation temperature in the three doping types of GaN investi-
gated. Each data point corresponds to (a) ~1.0×106, (b) ~1.2×106 
(c) ~2.1×106 detector events. The colored lines represent fits of two 
Arrhenius models for the site changes of interstitial 11Be to substi-
tutional positions, as is described in more detail in the text, per-
formed for the temperature range around 400°C where the most 
prominent step occurs, and for the minor step around 100°C. The 
number of jumps N of Bei considered in the models is either N=1 
or N=3.6×105, while EM are the corresponding best fit values for the 
interstitial migration energy.  
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well, however, our experimental setup does not allow ex-
tended measurements at such a high temperature, and due to 
the short half life of 11Be (13.81 s), even higher temperatures 
would be required to achieve the same effect as a 2 h anneal 
at 900°C. Hence we could not explore this reaction. 

Several theoretical papers [22,24,28-30] have predicted 
that neutral substitutional BeGa

0 is subject to large lattice re-
laxations, which cause it to be substantially displaced from 
the ideal Ga site along the c-axis towards the anti-bonding 
ABA position. Note that BeGa

0 should be only found in p-type 
GaN, once the Fermi level is close to the valence band. While 
the predicted elongation of the Be0-N bond along the c-axis is 
in the range 0.3-0.8 Å [22,28-30], only in one case is the dis-
placement of Be from the ideal Ga position explicitly stated 
(0.21 Å [22]). We have hence examined our data for signs of 
such displacements, but there was no firm evidence that the 
implanted 11Be probes that are found on substitutional sites, 
or a significant fraction of them, are displaced. However, 
since the Fermi level may not have been sufficiently close to 
the valence band to form BeGa

0 under our experimental con-
ditions, this does not rule out the existence of the displace-
ments. 

Comparing Be to the major p-type dopant Mg, we note the 
following qualitative similarities and quantitative differences. 
While both light group II atoms can occupy substitutional Ga 
and interstitial sites, the amphoteric character of Be is consid-
erably more pronounced. Interstitial fractions of 11Be were 
found substantially higher than previously for the case of 
27Mg [7,8], which supports theoretical predictions 
[4,16,19,21-23,25,31] that Be is more prone to self-compen-
sation and thus unsuitable for p-type doping. The exact loca-
tions of the interstitial sites of Mg parallel to the c-axis 
(−0.6±0.14 Å from the O site in p-GaN) and Be (+0.69±0.08 
Å) differ, with Bei located closer to the N atoms. This exper-
imental result is partially understandable by the fact that Be2+ 
is a smaller ion than Mg2+ (0.41 Å vs 0.71 Å), and hence can 
move closer to the electronegative N atoms. However, in the 
case of Mg there is a discrepancy to theoretical predictions, 
which expect Mg2+ at +0.03 Å [27], i.e. practically at the ideal 
O site. It is worthwhile mentioning that a recent EC experi-
ment on lattice location of 27Mg in n-GaN grown on Si 
pointed at a location of −0.14±0.05 Å [51], hence it seems 
possible that the interstitial positions change somewhat in dif-
ferent kind of samples. This would need further investigation. 

Both Mg and Be show fast interstitial diffusion, making 
them, in interstitial form, quite mobile in GaN at 500°C. 
However, while for Be we could identify two steps in the on-
set of interstitial mobility (around 50-150 °C and 350-500°C), 
in case of Mg there was only one around 350-500°C [7,8]. 
This behaviour is understandable, if in case of Be the first step 
corresponds to interstitial migration perpendicular and the 
second parallel to the c-axis, as was discussed in more detail 
above. In case of Mg, theoretically predicted migration ener-
gies are EM⊥=2.20 eV and EM||=2.01 eV [27], hence quite sim-
ilar for migration perpendicular and parallel to the c-axis, 
meaning that only a single step for the onset of interstitial dif-
fusion should be visible in emission channeling experiments.  

 

IV. CONCLUSIONS 

We have provided first direct evidence that Be is an am-
photeric dopant in GaN. It can occupy substitutional Ga as 
well as interstitial sites, and its lattice site preference depends 
on the GaN doping type. Whereas in p-GaN and in nid-GaN 
the majority of implanted 11Be was found on interstitial sites, 
its amount was significantly less in n-GaN. The interstitial 
fractions of 11Be were considerably higher than those previ-
ously found for the case of 27Mg [7,8], which indicates that 
the amphoteric character of Be is indeed more pronounced 
than for Mg, thus giving a possible explanation why it seems 
impossible to dope GaN p-type with Be [4,16,19,21-
23,25,31]. 

We identified the position of Bei in the wide-open intersti-
tial region at a distance of +0.69±0.08 Å from ideal O sites, 
which is in excellent agreement with theoretical predictions 
[22,23,27]. 

With increasing implantation temperature, interstitial Be 
changes its lattice site towards substitutional Ga sites. Two 
distinct steps, around 50-150 °C and 350-500 °C, were found 
for this process, and the corresponding interstitial migration 
energies estimated from assuming thermally activated Arrhe-
nius behaviour. The estimated migration energies of 0.62-
1.10 eV and 1.11-2.08 eV are within the range of theoretical 
predictions made for migration of Be perpendicular and par-
allel to the c-axis, respectively [21,22,27].  
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