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Direct evidence of Be as an amphoteric dopant in GaN
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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 !'Be (7, ;2 = 13.85) in different doping types
of GaN as a function of implantation temperature. We find within an accuracy of 0.08 A that the location of
interstitial Be is the one predicted by theory. The room temperature interstitial fraction of ''Be 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 character of Be. We find that interstitial 'Be fractions are generally much higher
than for Mg, which confirms that indeed self-compensation should be considerably more pronounced for Be.
With rising implantation temperature, an increasing conversion of interstitial to substitutional Be is observed,
involving at least two clearly identifiable 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.

DOI: 10.1103/PhysRevB.105.184112

I. INTRODUCTION

Gallium nitride is a wide band gap semiconductor that has
revolutionized solid state lighting technology and is nowadays
also increasingly used for power electronics devices. One of
the breakthroughs that paved the way for technological appli-
cations 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 Ex = 245 meV [3])
and suffers from a number of other issues such as hydrogen
passivation [4], compensation by native donors [4,5], the ten-
dency of Mg to form clusters [6], or its amphoteric 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 investigated. 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 unclear.

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-
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ever, up to now no consensus has been reached regarding
theoretical predictions of its acceptor level(s), for which val-
ues of <200meV [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 theo-
retical study [24] and recent experimental results [30] point
towards the hypothesis that Be has two acceptor levels, a
relatively shallow one (Ex &~ 113 meV), and a second, which
is deeper (Ex ~ 580 meV) and characterized by large lattice
relaxations. Moreover, 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
(Be;), where it acts as a double donor. This implies that the
formation of interstitial Be; instead of substitutional Beg,
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],
0.8eV [19],0.5eV [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-compensation, i.e., by the incorporation of similar
amounts of Beg, and Be;, with the additional possibility of
the formation of electrically inactive Be;-Beg, complexes.
However, for the existence of interstitial Be, despite being pre-
dicted by theory, no direct experimental evidence was given
so far. The only indication comes from positron annihilation

©2022 American Physical Society
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spectroscopy experiments [33], where it was found that in Be-
doped GaN, following prolonged high-temperature annealing
around 900 °C, an increased amount of Ga vacancies Vg, was
detected. The authors suggested that substitutional Beg, was
converted to interstitial Be; according to the reaction Beg, —
Be; + Vi, for which an activation energy of 3.5(5) eV was
estimated.

Here we present experimental results on the lattice location
of ion implanted Be, which clearly establish its amphoteric
nature, i.e., we find the coexistence 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 ¢ 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 Be; diffusion, one for migration parallel to and
the other for migration perpendicular to the ¢ axis.

II. METHODS

For lattice location determination of Be, we made use
of the electron emission channeling (EC) technique from
radioactive isotopes [34-37]. In this experimental method
(cf. schematic illustration S1 in the Supplemental Mate-
rial [38]), radioactive probe isotopes are ion implanted
into single-crystalline samples, typically at low fluences of
10''-10'3 cm~2. Depending on their chemical nature and ex-
perimental conditions, the probe atoms occupy specific lattice
sites in the material, on which they subsequently decay by
the emission of B~ particles. The 8~ 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 8~ emission yields around major crys-
tallographic directions that are characteristic for the lattice
site(s) that the probe atoms occupied during their decay.
The corresponding angular-dependent emission patterns are
recorded by means of a two-dimensional position-sensitive
detector (PSD) [35,36] which is placed at a suitable distance
from the sample. The major lattice sites can be identified
by fitting the experimentally observed emission yields by
linear combinations of theoretically expected patterns calcu-
lated for specific positions of the emitter atoms in the lattice
[35,36,39].

The only isotope of Be which is suitable for electron
emission channeling lattice location experiments is the short-
lived ''Be (71> = 13.81s). ''Be was produced at the online
isotope separator facility ISOLDE [40] at CERN, by means
of 1.4-GeV proton-induced spallation reactions from a UC,
target. Following out-diffusion from the UC, target at high

temperature, the ''Be atoms were ionized using a resonant
laser ion source [41], electrostatically accelerated and mass
separated. 'Be decays by the emission of B~ particles with
an end-point energy of 11506 keV (average = energy 4652
keV) into stable !'B. Due to the unusually high energies of
the emitted B~ particles, which are about a factor of 5-10
higher than for more common EC probe isotopes, emission
channeling lattice location experiments with ''Be and their
analysis are particularly challenging. Since the angular width
of channeling effects scales approximately inversely propor-
tional to the square root of the particle energy, 8~ EC effects
from !!'Be are very narrow (angular widths less than 0.5°),
requiring superior angular resolution. The samples were an-
alyzed using a 3 x 3cm? Si pad PSD consisting of 22 x 22
pixels of size 1.3 x 1.3 mm?, which was placed 60 cm from
the sample, resulting in an angular range of +1.36°. While the
comparatively large distance from sample to detector guaran-
tees sufficient angular resolution (0.05° standard deviation), it
results in a relatively small solid angle of detection, so that
during Be beam times fewer measurements can be performed
than in the case of other isotopes such as, e.g., ?’Mg in GaN
[7.8].

Moreover, the analysis of EC patterns from !''Be is
also challenging since the computational effort required
to calculate 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
different lattice sites in the wurtzite structure were calculated
around the major crystallographic directions in the x and y
directions from —3° to 43° 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 Univer-
sity of Cambridge: a not intentionally doped GaN (nid-GaN
no. 1), an n-GaN:Si layer doped with 1 x 10 cm—3 Si, and
a p-GaN:Mg layer doped during growth with 2 x 10! cm™
Mg and annealed for 20 min at 800 °C under nitrogen atmo-
sphere in order to drive out H and electrically activate the
Mg (typical hole concentrations 1-2 x 10'7 cm™3 and Hall
mobilities 10-15cm?/V's [42]). In addition, two undoped
layers (nid-GaN no. 2 and no. 3) from other suppliers were
used during exploratory measurements. The characteristics
of the different samples are described in more detail in the
Supplemental Material [38].

The EC measurements were performed during 30-keV
implantations of ''Be™ using the online setup described in
Ref. [43]. The !'Be implantation profiles are approximately
Gaussian with mean depth and straggling around 900 (400) A
[44], varying somewhat due to the fact that different im-
plantation angles towards the surface normal are required
for online detection of the channeling effects from the var-
ious crystallographic directions. The typical beam current
into the 1-mm-diameter beam spot was around 1.1 pA, cor-
responding to 7 x 10%atoms/s and a fluence rate of 9 x
108 atoms/cm?/s.

For the analysis of the experimental patterns, these were
fitted [35,39] by a linear combination of substitutional and
interstitial ''Be emitter atoms. In order to identify the most
likely interstitial Be; site, its position was varied and the chi
square of fit used as a criterium.
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When measuring electron emission channeling effects the
recorded angular anisotropy is always subject to background,
which arises mostly from two sources: (a) electrons which
undergo large-angle scattering inside the sample, the sub-
strate, 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
"Be 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
radioisotopes in the vicinity of the detector. Both electron and
gamma background were taken into account in the analysis,
by multiplying fitted fractions with a background correction
factor of 1.8 (details on the derivation of the background
correction factor can be found in the Supplemental Material
[38]). This allowed estimating “absolute” fractions on substi-
tutional and interstitial sites, fs and fi, as are given below
in Figs. 1 and 2. Typically, the error in the sum fractions
Jfsum = 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
online experiments with short-lived isotopes, 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 sample and on the nozzle. For the
case of 'Be, 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 UC, targets also produces isotopes of radioactive noble
gases, which can out-diffuse and migrate through the beam
lines [45], thus reaching the vicinity of the detector. Changes
in beam characteristics and radioactive 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 f; on substitutional and inter-
stitial 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 a function of implanted fluence
and implantation temperature, respectively.

III. RESULTS AND DISCUSSION

In Figs. 1(a)-1(d) we have displayed the normalized an-
gular distributions of 8~ particles emitted around the [0001],
[1102], [1101], and [2113] directions of the p-GaN:Mg sam-
ple during room temperature (RT) implantation of !'Be. The
best fits of theoretical patterns [Figs. 1(e)-1(h)] are repre-
sented by a linear combination of theoretical patterns from
1Be on substitutional Ga and interstitial Be; sites, which,
following background correction, correspond to fractions of
fs =38% and f; = 65%, hence with the majority on in-
terstitial sites. Figures 2(a)-2(d) show experimental patterns
around the same four axial directions as Fig. 1, but for the
implantation temperature 7; = 800°C. In this case, the fit
procedure resulted in background-corrected fractions of 97%
on substitutional Ga sites and 4% on interstitial positions
[Figs. 2(e)-2(h)]. Patterns for RT and 600 °C implantations in

experiment  simulation 65% Be +38% Be_, p-GaN
-1.0-05 0.0 0.5 1.0

(7
%) -1.0-0.5 0.0 0.5 1.0 20°C

) N4 80 7
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(9) [1101]
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(h) [2113]
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1.007
1.003

0.999
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FIG. 1. (a)—(d) Angular distribution of 8~ emission yields from
UBe in p-GaN:Mg, measured during RT implantation. (e)—(h) The
best fits of simulated patterns, corresponding to 65% on Be; intersti-
tial and 38% on substitutional Ga sites. The major planar directions
are indicated. Number of detector events per experimental pattern:
(a) 1.7 x 107, (b) 4.3 x 10°, (c) 4.3 x 10°, (d) 9.7 x 10°.

samples nid-GaN no. 1 and no. 3 are shown in Figs. S9-S11
of the Supplemental Material [38]. The procedure of how the
exact location of the best fit Be; position was determined will
be discussed below.

The considerable amount of ''Be on interstitial sites at
RT is qualitatively illustrated by the following. The [0001]
pattern in Fig. 2(a) for 800 °C implantation is dominated by
substitutional sites, for which the sets of planar directions
(1120) and (0110) exhibit a rather similar intensity of chan-
neling effects, with (1120) being somewhat more intense than
(0110) [Fig. 3(e) and Fig. S5(e) of the Supplemental Material
[38]]. Channeling effects from the minor planes (4150) are
invisible in this case. For interstitial sites, the [0001] and
[2113] axial and the planar (0110) 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 implan-
tation when mostly interstitial sites are occupied: in Fig. 1,
which is dominated by Be; interstitial sites, in panel (a) the
anisotropy of the axial [0001] effect is around 25% of that in
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FIG. 2. (a)—(d) Angular distribution of 8~ emission yields from
Be in p-GaN:Mg, measured during implantation at 800 °C. Panels
(e)—(h) show the best fit of simulated patterns, corresponding to 97%
on substitutional Ga and 4% on Be; 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 x 10°, (b) 2.7 x 10°, (c) 3.3 x 10°, (d) 3.4 x 10°.

Fig. 2(a). In addition, the (0110) planes [Figs. 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 Be; interstitial sites are approximately aligned with atomic
rows of Ga (cf. Fig. S3 of the Supplemental Material [38]),
the corresponding calculated patterns show channeling effects
along these directions [Figs. 3(b) and 3(c)], with maxima that
correspond to roughly half the anisotropy resulting from the
occupation of substitutional Ga sites.

Note that [0001] patterns do not allow us to pinpoint the
position of the Be; interstitials parallel to the c axis; this
can only be accomplished from analyzing patterns measured
off the ¢ 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 position of the second, interstitial site was varied in small
steps parallel to the ¢ axis in the center of the wide-open space.
As step width we used 0.0162 A in between HA and HB sites

simulation 100% Be, simulation 100% Be__
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FIG. 3. Simulated 8~ emission channeling patterns for 30-keV
implanted ''Be in GaN along the four major crystallographic di-
rections. Panels (a)—(d) are patterns for 100% of emitter atoms on
the Be; interstitial sites, i.e., shifted by +0.69 A from ideal O sites
via HB towards the HAB position, while (e)—(h) are for 100% on
substitutional Ga sites. Note that the orientation of all patterns has
been chosen so as to correspond to the measurements at RT as
shown in Figs. 1(a)-1(d). The occupation of substitutional Ga sites
results in distinct channeling effects along all major axial and planar
directions. The clearest distinction between Beg, and Be; sites is
visible in the [0001] and [2113] patterns. For Be; sites the axial
[2113] effect, and the set of (0110) 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 Supplemental Material [38].

(i.e., in the vicinity of the ideal O position), and 0.0486 A
in between HA or HB and HAB. The resulting x? of fit were
normalized to those of one-site fits with substitutional Ga sites
only. The results are shown in Fig. 4. In the case of the nid- and
p-GaN samples implanted at room temperature, which both
showed relatively large fractions of Be;, distinct minima in the
relative x 2 were grouped in a relatively narrow region around
a position +0.69(8) A from ideal O sites, i.e., in between
the HB and HAB sites. In the 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
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FIG. 4. Relative y? of the fits to the experimental [1102], [1101],
[2113] patterns from room temperature implantation of !'Be in GaN
as a function of displacement of the ''Be atoms from the ideal
interstitial O sites parallel to the ¢ 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 substitutional Ga site plus a second site, which is
shifted from the ideal interstitial O site along the ¢ axis. The relative
%2 values were normalized to that of the one-site substitutional Ga fit.
The black vertical lines indicate the positions of the HA, O, and HB
interstitial sites. The magenta-colored vertical line shows the average
of the best fit positions from the nid- and p-GaN samples.

the relative x2 are less pronounced since in n-GaN, as will be
shown below, fewer ''Be 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 Be;
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
and HB sites, with a weaker minimum near the Be; 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 formation
of Be; in GaN (with respect to the minimum value found) as a

HAB HA (@] HB Be‘ from EC HAB
. ; —
— i io
H HES]
5 : 221|271 i 2
& : 'z
o : : i
m H H
> 1 H
o0 H H
3 : :
=] il '
[ ' '
= :
2 ' : 7
s : :
£ : ¢ :
= ' '
& H H
1) 1 H
2 H H
s : :
g | ' ° '
0 L n I: n " " " 1 " n " " " " " " " :I n
-1.0 0.5 0.0 0.5 1.0

distance from O site along +c-axis [A]

FIG. 5. The open and closed circles show the calculated relative
formation energy of Be;>" interstitials at various positions within the
open channel parallel to the ¢ axis of the GaN wurtzite lattice using
two different k£ meshes, with the solid line interpolated values, 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 ¢ axis, while
the violet, orange, and green vertical lines indicate the positions of
Be; minimum total energy predicted in Refs. [22,23,27], respectively.
The Be; position that resulted in the overall best fits of EC data from
this work is shown as the vertical red line.

function of the position parallel to the ¢ 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 calcula-
tions. Shown as colored vertical lines are the theoretically pre-
dicted minimum energy positions of Be;, which are +0.65 A
[22], +0.68 A [23], and +0.74 A [27] from O sites, as well
as at +0.69(8) A, 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 Be; position obtained from emission
channeling experiments.

In Fig. 6 we show the derived relative fractions of inter-
stitial Be;, fi/(fs + fi), for RT implantations as a function of
recorded events in the detector. Each data point corresponds to
~280 000 detector events, which is equivalent to an implanted
Be fluence of 1.8 x 10" 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
values around 65-80% are reached. As the implanted fluence
increases, the amount of interstitial Be; decreases, while it is
also subject to fluctuations that can reach more than +10%.
As was previously discussed for the case of *’Mg [8], the
rapid fluctuations are probably related to the quasiperiodic
buildup of positive surface charges resulting from the positive
charge of the implanted Be™ ions, secondary electron emis-
sion during the implantation process, as well as f~ particles
emitted from the sample. This may lead to quasiperiodic fluc-
tuations 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
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FIG. 6. Relative amounts of interstitial '' Be; 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 five-point smooths on the raw data points.
Every 5 x 10° events correspond to an implanted !'Be fluence of
3.2 x 10'? 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.

lowest in n-GaN, reaching only values around 30% at the
beginning of the implantation, and dropping to ~20% for
3.8 x 102 cm™2. The prevalence of interstitial vs substitu-
tional 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 ?’Mg [8], prolonged implantations, in this case of Be,
lower the interstitial fractions of amphoteric dopants in p-type
GaN since the radiation damage introduced by implantation
has a compensating effect, i.e., the Fermi level moves up-
ward and the material loses its p-type character. Moreover,
in all doping types, with increasing Be fluence the accumu-
lation of Ga vacancies Vg, makes it more likely that freshly
implanted ''Be atoms during their slowdown find a Vg, to
combine with and thus become Beg,. Since the amount of
Via introduced into the samples by Be implantation influences
the fractions of substitutional Be, one may wonder whether

the initial, native concentrations of Vg, differ 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 Vi, con-
centrations were found to depend on the type of doping and
the growth method [46-49]. Vi, could never be detected
(<10 cm™3) in p-GaN [47,48], while in not intentionally
doped n-type GaN grown by metalorganic-chemical-vapor
deposition (MOCVD) [Vig,] was reported often as high as
10'7-10'"8 cm~3 [46,48], but could be varied in between
10'*cm™ and 10" cm™3 by means of choosing 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 x 10'° cm—3 Vg, were found [48]. In our case, the
native Vg, concentrations are probably of minor importance
for the outcome of the experiment. As estimated by SRIM
simulations [44], 30-keV implantation of 3.2 x 102 cm—2
'Be creates a peak concentration of 4.8 x 10 cm™ Vg,
(before thermalization), which is quite above the values re-
ported for typical native samples. In Mg-implanted GaN, PAS
identified the double vacancy (Vg,VN) as a major positron-
trapping defect species, although concentrations could not be
quantified [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 general
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 and 150 °C. Above this step, the interstitial fractions even
seem to increase somewhat again until at 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 2’Mg, where it was attributed to the
fact that with increasing implantation temperature the amount
of produced Ga vacancies is reduced, thus providing less
possibilities for substitutional incorporation of the implanted
Mg [7.8]. Following the 350-500 °C step, the relative inter-
stitial fractions are not zero, though. In p-GaN, where data
are available up to 800 °C, Be; was further reduced rather
monotonously to a few percent 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
Be; + Vga. — Bega, where mobile Be; interstitials migrate un-
til after a number of jumps N they encounter a Ga vacancy
VGa, the various steps were fitted using the following Arrhe-
nius approach, as was described in more detail in Refs. [7,8]
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FIG. 7. Relative amounts of interstitial !'Be as a function of im-
plantation temperature in the three doping types of GaN investigated.
Each data point corresponds to (a) ~1.0 x 105, (b) ~1.2 x 10°,
(c) ~2.1 x 10° detector events. The colored lines represent fits of
two Arrhenius models for the site changes of interstitial ''Be to
substitutional positions, as is described in more detail in the text,
performed 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 Be; considered in the models is either N = 1
or N = 3.6 x 10°, while Ey; are the corresponding best fit values for
the interstitial migration energy.

for the case of >’"Mg:
1
SiT) = (fio — fioo)w + fico- (H

fio and fio, are the interstitial fractions at temperatures be-
low and above the step, vy is the jump attempt frequency,
7 = 19.9s is the radioactive lifetime of !'Be, and Ej is the
activation energy for migration of interstitial '' Be;. Taking the
attempt frequency vy = 2 X 103 Hz [7], N was assumed ei-
ther to be 1 (Vi, immediately neighboring ''Be;) or 3.6 x 10°
(the upper limit when the diffusion-induced broadening of the
"'Be profile would become comparable to the implantation
depth) and least square fits were performed on the data sets in
Fig. 7.

The best fit curves to fi/(fs + fi), assuming the func-
tional relationship of Eq. (1), have been included in Fig. 7,
as well as the corresponding migration energies Eyy. As can
be seen, there are only small differences in the best fit val-
ues for Eyp, being 1.00-1.10 eV (N = 1) and 0.62-0.68 eV
(N = 3.6 x 10°) for the step around 50-150°C, and 1.78-
2.08eV (N =1) and 1.11-1.28 eV (N = 3.6 x 10°) for the
step around 350-500 °C. Our estimates for Ey; related to the
two steps fall close to the range of values predicted by theory
for migration of interstitial Bei2+ in GaN perpendicular and
parallel to the ¢ axis, respectively, which are Ey; = 1.18eV
and Eyy = 2.90eV [21,22], and Ey; = 0.76€V and Eyy =
1.88eV [27]. A probable explanation for the two steps is
hence that the first step around 50-150 °C is related to mi-
gration of !'Be; perpendicular to the ¢ axis, while the second
step around 350500 °C represents ''Be; migration 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
severe drop in the interstitial Be fraction, since it should result
in long-range diffusion. However, if in this case the migration
of each '"Be probe is confined to one specific interstitial
plane perpendicular to the ¢ axis, i.e., parallel to the surface,
the chance of encountering Ga vacancies within that plane is
limited, and it may be that a considerable number of implanted
Be ions do not encounter a Vg, during their lifetime.

It is worthwhile mentioning that the energies for interstitial
migration Ey; estimated from emission channeling experi-
ments of 5Li, >*Na and *’Mg in GaN and ?*Na and >’"Mg in
AIN were found to be correlated with the ionic radii of LiT,
Na™, and Mg?* [50] and in agreement with most theoretical
predictions. The data presented here for the case of Be’*"
further confirm this trend: due to having the smallest ionic
radius of 0.41 A, Be2t is the fastest interstitial diffuser among
these alkaline-metal and alkaline-earth-metal ions.

In the p-GaN sample there is still a continuous decrease
in f; between 550 and 800 °C. Such a behavior would be
understandable if there were 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 tem-
perature the sample has reached a higher implanted fluence
of Be, which may lower the interstitial fractions due to the
introduction of Ga vacancies. In order to test for this ef-
fect, following the last measurement of the p-GaN sample
at 800 °C, a new beam spot was chosen and the pattern re-
measured 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 measurements at lower temperatures, amounting
to a fluence of 2.3 x 10'3 cm~2, obviously not all of the accu-
mulated 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 substi-
tutional Beg, to leave its lattice site and become interstitial
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according to the reaction Beg, — Be; + V.. In principle this
should be detectable with the emission channeling method
as well, however, our experimental setup does not allow ex-
tended measurements at such a high temperature, and due to
the short half-life of ''Be (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 Beg,” is subject to large lattice
relaxations, which cause it to be substantially displaced from
the ideal Ga site along the c axis towards the antibonding ABA
position. Note that Beg, should be only found in p-type GaN,
once the Fermi level is close to the valence band. While the
predicted elongation of the Be’-N bond along the ¢ axis is
in the range 0.3-0.8 A [22,28-30], only in one case is the
displacement of Be from the ideal Ga position explicitly stated
(0.21 A [22]). We have hence examined our data for signs of
such displacements, but there was no firm evidence that the
implanted !'Be 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 va-
lence band to form Beg,” under our experimental conditions,
this does not rule out the existence of the displacements.

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 considerably more pronounced. Interstitial fractions of
"Be were found substantially higher than previously for
the case of >’Mg [7,8], which supports theoretical pre-
dictions [4,16,19,21-23,25,31] that Be is more prone to
self-compensation and thus unsuitable for p-type doping. The
exact locations of the interstitial sites of Mg parallel to the
¢ axis [—0.60(14) A from the O site in p-GaN] and Be
[+0.69(8) /0\] differ, with Be; located closer to the N atoms.
This experimental result is partially understandable by the fact
that Be> is a smaller ion than Mg>* (0.41 A vs 0.71 A),
and hence can move closer to the electronegative N atoms.
However, in the case of Mg there is a discrepancy to theo-
retical predictions, which expect Mg2+ at +0.03 A [27], i.e.,
practically at the ideal O site. It is worth mentioning that a
recent EC experiment on lattice location of ?’Mg in n-GaN
grown on Si pointed at a location of —0.14(5) A [51], hence
it seems possible that the interstitial positions change some-
what in different kinds 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 onset
of interstitial mobility (around 50—150 °C and 350-500 °C), in

the case of Mg there was only one around 350-500 °C [7,8].
This behavior is understandable, if in the case of Be the first
step corresponds to interstitial migration perpendicular and
the second parallel to the ¢ axis, as was discussed in more
detail above. In the case of Mg, theoretically predicted mi-
gration energies are Eyr; = 2.20eV and Ey = 2.01eV [27],
hence quite similar for migration perpendicular and parallel
to the ¢ axis, meaning that only a single step for the onset of
interstitial diffusion should be visible in emission channeling
experiments.

IV. CONCLUSIONS

We have provided direct evidence that Be is an amphoteric
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 ''Be was found on interstitial sites,
its amount was significantly less in n-GaN. The interstitial
fractions of !'Be 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 for why it
seems impossible to dope GaN p-type with Be [4,16,19,21—
23,25,31].

We identified the position of Be; in the wide-open inter-
stitial region at a distance of +0.69(8) A 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 were estimated from assuming thermally activated
Arrhenius behavior. The estimated migration energies of
0.62-1.10 eV and 1.11-2.08 eV are within the range of the-
oretical predictions made for migration of Be perpendicular
and parallel to the c axis, respectively [21,22,27].
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