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Despite the renewed interest in ion implantation for doping of GaN, efficient electrical 

activation remains a challenge. We investigate in detail the lattice location of 27Mg in GaN of 

different doping types as a function of implantation temperature and fluence at CERN’s 

ISOLDE facility. We elucidate the amphoteric nature of Mg, i.e. the concurrent occupation of 

substitutional Ga and interstitial sites: following room temperature ultra-low fluence 

(≈2×1010 cm−2) implantation, the interstitial fraction of Mg is highest (20-24%) in GaN pre-

doped with stable Mg during growth, and lowest (2-6%) in n-GaN:Si, while undoped nid-GaN 

shows an intermediate interstitial fraction of 10-12%. Both for p- and n-GaN prolonged 

implantations cause interstitial 27Mg to approach the levels found for nid-GaN. Implanting 

above 400°C progressively converts interstitial Mg to substitutional Ga sites due to the onset 
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of Mg interstitial migration (estimated activation energy 1.5-2.3 eV) and combination with Ga 

vacancies. In all sample types, implantations above a fluence of 1014 cm−2 result in >95% 

substitutional Mg. Our findings show that ion implantation is a very efficient method to 

introduce Mg into substitutional Ga sites, i.e. that the challenges towards high electrical 

activation of implanted Mg are not related to the lack of substitutional incorporation. 

 
1. Introduction 

During the last decades, optoelectronic devices based on the wide band gap semiconductor 

gallium nitride have revolutionized solid state lighting. Currently a field of applications where 

GaN based devices are also entering everyday life and replacing Si on a massive scale, is 

related to power electronics,[1-6] with applications as voltage transformers or inverters, ranging 

from power distribution grids, electrical vehicles, photovoltaic inverters, to simple household 

items such as power supplies.[7] The vast majority of GaN-based devices require besides n-

type also p-type doping, and it is well-known that the group-II element Mg is the only 

technologically feasible acceptor dopant in GaN.[3-5,8] Yet, Mg doping suffers from a number 

of limitations, most notably the deep nature of the acceptor level at ≈245 meV,[9] which means 

that high dopant concentrations have to be incorporated in order to realize the hole 

concentrations required in the devices. Hydrogen passivation related to Mg-H complex 

formation is another issue,[10-12] as well as compensation by native donors,[10,13] the tendency 

of Mg to form clusters,[14] and its amphoteric nature.[11-13] The latter concerns its ability to 

occupy both substitutional Ga and interstitial sites, which can lead to self-compensation and is 

of particular concern at the high doping levels >1019 cm−3 needed in some electrical devices. 

Many of the power devices also require selective area doping,[3-5,8] which has greatly renewed 

the interest in ion implantation as a technique to introduce dopants into GaN since it allows 

precise transverse and lateral control of dopant concentrations. Already in the early days of 

GaN research, ion implantation of Mg has been investigated in order to achieve p-type 
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doping,[15-18] however, with limited success. The biggest obstacle for p-type ion implantation 

doping of GaN is considered to be electrical activation of the implanted Mg and removal of 

radiation damage. This requires temperatures well above 960°C, where N starts escaping from 

the GaN surface, which is usually suppressed by covering it with a protective layer of AlN, 

SiN or SiO2 during annealing. Recently, a number of novel approaches using Mg ion 

implantation and annealing have achieved very promising results regarding p-type doping, 

e.g. multicycle rapid thermal annealing (RTA),[19] high-temperature implantation around 

500°C [19-21] or 1000°C,[22] ultra-high-pressure annealing,[8,23-24] microwave annealing,[21] 

pulsed laser annealing,[25] or co-implantation of N.[26] However, also conventional RTA 

[20,27,28] or furnace annealing [29,30] has been reported successful and suitable for creating 

devices such as visible-blind photodiodes [29] or power rectifiers.[30] 

A crucial step for the electrical activation of the group II element Mg is its incorporation on 

substitutional Ga sites, since only in this lattice position it can act as an acceptor. The 

occupancy of other lattice sites, as e.g. in Mg clusters, can leave it in an electrically inactive 

state, or worse, lead to self-compensation of MgGa acceptors by interstitial Mgi double 

donors.[11-13] While the amphoteric nature of Mg was long disputed,[10-13] we have recently 

established the co-existence of Mg in substitutional Ga and interstitial near-octahedral sites in 

GaN samples of different doping types.[31] Besides a dominant fraction of Mg on 

substitutional Ga sites, we identified minority fractions on sites located in the wide-open 

interstitial region of the GaN wurtzite lattice, displaced −0.6 Å parallel to the c-axis from the 

ideal octahedral (O) sites, cf. Supporting Information. The amphoteric nature of Mg is a 

characteristic it shares with Li, Na, and Be and thus fits well into the general picture of how 

light alkalis and alkaline earths behave in GaN,[32-33] and it was also found in AlN.[34] 

While the present study is motivated by the recent interest in ion implantation doping with 

Mg, which we address by providing lattice location results as a function of implantation 

temperature and fluence up to the technology relevant fluence regime above 1014 cm−2, we 
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also clarify pertinent fundamental properties of this dopant. In particular we further elucidate 

the amphoteric nature of Mg by identifying how the initial doping type of the sample 

influences the Mg lattice location and what happens when the doping type is being changed 

on a time scale of minutes by the introduction of radiation damage resulting from implanted 

fluences of 5×1010 cm−2 up to 4×1014 cm−2, i.e. spanning four orders of magnitude. We also 

provide additional data regarding the interstitial diffusion of Mg. Finally, a Fermi-level model 

is proposed, which takes into account band-bending near the GaN surface and allows to 

qualitatively explain the lattice location of Mg as a function of implanted fluence in different 

doping types. 

For determining the lattice location of Mg, we used the electron emission channeling (EC) 

method [35-38] from the radioactive isotope 27Mg (t1/2=9.45 min). In EC experiments, 

radioactive probe atoms are implanted at low fluences (typically 1011-1013 cm−2) into single-

crystalline samples, where, occupying specific lattice sites, they subsequently decay by the 

emission of β− particles. The β− particles are guided by the crystal potential on their way out 

of the sample, which results in angular-dependent emission yields around major 

crystallographic directions that are characteristic for the lattice site(s) that the probe atoms 

occupy during their decay. The emission patterns are recorded by means of a two-dimensional 

position-sensitive detector.[36-37] The major lattice sites can be identified by fitting the 

experimentally observed angular-dependent emission yields by linear combinations of 

theoretically expected patterns for specific positions in the lattice.[36-37,39] 

 
2. Results and Discussion 

The characteristics of the four different doping types of GaN layers used were described in 

more detail in Ref. [31]. They are, in brief, i) not intentionally doped epilayers (nid-GaN), ii) n-

GaN:Si layers doped with 1×1019 cm−3 Si, and layers doped during growth with 2×1019 cm−3 

Mg. However, while iii) “GaN:Mg” samples were used as-grown, iv) “p-GaN:Mg” samples 
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were annealed for 20 min at 800°C under nitrogen atmosphere in order to drive out H and 

electrically activate the Mg, typically leading to hole concentrations of 1-2×1017 cm−3 and 

Hall mobilities of 10-15 cm2 V−1 s−1.[40] 

For the present study, only [0001] (c-axis) patterns were measured, since these allow to 

quantify with high accuracy the relative amounts of interstitial vs substitutional 27Mg. The 

orientation of the samples was thus kept fixed during most of the measurements, except when 

moving the samples laterally in order to change to new beam spots for measuring the detailed 

fluence dependence at different temperatures. 

Rather than estimating the “absolute” fraction fi of interstitial 27Mgi, i.e. the number of 

interstitial 27Mgi relative to the number of total implanted 27Mg ions, we report in the 

following the “relative fraction” fi/(fi+fS), which is the number of interstitial 27Mgi divided by 

the sum of interstitial 27Mgi plus substitutional 27MgS. This has the advantage that the relative 

fractions, which can be determined with an accuracy in the per cent range, are not influenced, 

e.g., by variations in the background of the measurements over time. These are particularly 

relevant in on-line experiments where short-lived isotopes are continuously implanted and 

changes in beam characteristics such as focusing (e.g. resulting from modifications in ion 

source conditions) can alter the signal to background ratio. Since such variations cannot be 

continuously monitored and therefore not precisely taken into account during analysis, they 

lead to fluctuations larger than 5% in the fitted absolute fractions fi and fS, which are thus 

eliminated by instead considering the relative fraction fi/(fi+fS). Since we found no indications 

for a third type of lattice site to be occupied, and the amount of 27Mg on random lattice sites is 

small,[31] the absolute interstitial fractions fi are quite similar to the relative fractions fi/(fi+fS) ), 

though subject to larger errors and variations (estimated ±5%).. A discussion on background-

corrected sum fractions fi+fS can be found in the Supporting Information. 
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Figure 1. [0001] experimental β− emission channeling patterns from 27Mg in (a) n-GaN:Si, 

Ti=RT, and (b) p-GaN:Mg, Ti=300°C. Panels (c) and (d) are the corresponding best fits of 

theoretical patterns considering substitutional sites S located along and interstitial sites 

parallel to the c-axis. The fitted relative interstitial fractions, fi/(fi+fS), are 5% in case of n-

GaN:Si and 34% in case of p-GaN:Mg. Each of the experimental patterns corresponds to an 

implanted fluence of 4.8×1010 cm−2 and they were obtained during 9 min at count rates of 

560 events s−1, total 303622 events (n-GaN:Si), and 90 s at 3300 events s−1, total 298549 

events (p-GaN:Mg). They represent the first data points for the corresponding implantation 

temperatures in Figure 2(a) and 2(d). 

 

Figure 1(a) shows the normalized angular distribution of β− particles emitted around the 

[0001] direction of an n-GaN:Si sample during room temperature (RT) implantation of 27Mg, 
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while Figure 1(b) is the corresponding distribution from p-GaN:Mg for an implantation 

temperature of Ti=300°C. Figure 1(c) and (d) represent the best fits of a linear combination of 

theoretical patterns from 27Mg aligned with the c-axis (as is the case for substitutional Ga 

sites) and interstitial to it, which were obtained for relative interstitial fractions fi/(fi+fS) of 5% 

for n-GaN:Si and 34% for p-GaN:Mg. Although these fractions are determined based on 

numerical fitting, the effect of considerable amounts of 27Mg on interstitial sites (in p-

GaN:Mg) on our data is so strong that it can even be qualitatively illustrated by the following. 

The pattern in Figure 1(a) is largely dominated by substitutional sites, for which the sets of 

planar directions (11−20) and (01−10) exhibit similar intensity of channeling effects. For 

interstitial sites, the [0001] axial and the planar (01−10) effects are characterized by blocking 

rather than channeling effects (cf. the simulated patterns shown in Figure S2 of the 

Supporting Information). Therefore, the channeling intensities of these directions are 

considerably reduced in Figure 1(b), in particular the axial effect is 35% weaker compared to 

Figure 1(a). 

Figure 2 displays the fitted relative interstitial fractions of 27Mgi plotted as a function of the 

number of recorded detector events throughout experiments with samples of all doping types, 

with the various colors representing different implantation temperatures. While the number of 

recorded events can be translated directly into implanted fluences of 27Mg [every 1×107 

events correspond to an implanted 27Mg fluence of 1.6×1012 cm−2; significantly higher 

fluences can only be reached using stable isotope implantations, as discussed below under 

point c)], it is important to point out that for each implantation temperature a fresh beam spot 

on the sample was chosen. Note that Figure S3 of the Supporting Information contains some 

more such data measured with additional n-GaN:Si, nid-GaN, and p-GaN:Mg samples. In the 

following we will point out the major visible features and discuss their physical interpretation. 



  

8 
 

 

Figure 2. Relative amounts of interstitial 27Mgi for various implantation temperatures as a 

function of the integrated number of measured events during 50 keV experiments in (a) n-

GaN:Si, (b) nid-GaN, (c) as-grown GaN:Mg, and (d) p-GaN:Mg. Note that for each 

implantation temperature a fresh beam spot was chosen. Thus, while every 1×107 events 

correspond to an implanted 27Mg fluence of 1.6×1012 cm−2, as indicated by the black arrows, 

the overall number of implanted Mg atoms did not accumulate in a single spot on the sample. 

 

a) For repeated measurements on short time scales (each data point in Figure 2 corresponds to 

around 250000-300000 events/pattern and measuring times of several minutes), the relative 

fractions of interstitial 27Mgi (Figure 2 and S3) show rather large fluctuations, on the order of 

±5%, that cannot be explained by statistical uncertainty alone since the statistical errors in the 

fraction fit parameter of each of the measurements are on the order of ±1.5%. However, in 

some cases the amount of interstitial 27Mgi seems to alternate between two states; this effect is 
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particularly visible for the RT implantations in n-GaN or nid-GaN [Figure 2(a) and 2(b)]. In 

other cases, there are signs of oscillations or “beats” with a periodicity around 2-

5×106 recorded events. We believe that these phenomena result from the build-up of positive 

charges in the near-surface layer of the samples. Such charges originate from three processes: 

i) the implantation of positively charged 27Mg+ ions, ii) the emission of secondary electrons e− 

upon the impact of 27Mg+ (≈3.5 e− per implanted ion), iii) the emission of β− particles from the 

sample due to the radioactive decay of 27Mg. The conjunction of these three processes causes 

positive charging up of the near-surface layers and the region where implanted Mg ions come 

to rest. How fast the positive charges are removed depends on the electric fields that build up 

inside the sample, its conductivity and how well it is electrically connected to the sample 

holder. Since the epitaxial GaN layers are deposited on insulating sapphire, most likely the 

charges have to flow out laterally towards where the layers are clamped to the electrically 

conductive sample holder. This process may be slow and subject to oscillations that result 

from the build-up of lateral electric fields inside the layer and quasi-periodic discharges. Since 

the existence of positive surface charges leads to a downward bending of the GaN energy 

bands as illustrated in Figure 3, the near-surface region of the sample will appear more n-

type, i.e. with the Fermi level closer to the conduction band, as long as the charges are 

present, and return towards undoped or more p-type once the charges have been removed. 

This may lead to quasi-periodic changes in the interstitial fraction of 27Mg if the latter, due to 

its amphoteric nature, depends on the position of the Fermi level. For an n-type GaN sample 

implanted at 20 keV, hence with a shallower Mg depth profile, the interstitial amount of Mg 

was 2-3% lower [Figure S3(a)] than for 50 keV implantation, thus the sample appeared more 

n-type. For a p-type sample, 20 keV implantation did not profoundly change the interstitial 

fraction, however, the fluctuations were found to be more intense [Figure S3(d)]. It is well-

known that without artificial surface charges there is an upward band-bending around +1.5 eV 
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for n-GaN and downward −1.6 eV for p-GaN.[41-43] If our hypothesis is correct, the effect of 

the implantation-induced surface charges seems to override these natural band-bendings. We 

also checked for a possible influence of the fluence rate of implantations by varying the 27Mg 

beam current over an order of magnitude, but no such effect was found. 

 

 

Figure 3. GaN band gap, levels of electrical dopants Si and Mg, and schematic Fermi level 

positions in n-type, p-type, undoped and irradiated material. The attribution of the Fermi level 

EFi at mid gap in irradiated GaN is tentative. The Gaussian profile schematically indicates the 

depth distribution of implanted 27Mg where it may be subject to the influence of positive 

surface charges which cause band bending near the GaN surface. Note that without artificial 

surface charges there is an upward band-bending around +1.5 eV for n-GaN and downward 

−1.6 eV for p-GaN.[41-43] 
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b) In p-type GaN:Mg [Figure 2(d) and S3(d)], during RT implantation of 1.3×1012 cm−2 of 

27Mg (8×106 events) the relative interstitial fraction decreased from 18-20% to approximately 

the ≈10-12% level found for undoped GaN [Figure 2(b) and S3(c)]; in as-grown Mg-doped 

GaN [Figure 2(c)], a similar decrease occurred but already at a fluence of 4×1011 cm−2 

(2.5×106 events), i.e. more than three times faster. These effects can be explained by the 

Fermi level dependence of interstitial vs substitutional Mg preference as follows. Radiation 

damage resulting from the 27Mg implantation introduces a variety of electrical levels into the 

band gap of GaN. As in most other semiconductors, also in GaN irradiation damage leads to 

charge compensation [16-18] and thus tends to move the Fermi level towards the mid gap 

position, as is illustrated in Figure 3. GaN samples that were initially p-type will thus move 

towards an intrinsic state as more and more 27Mg ions are implanted. For not intentionally 

doped nid-GaN, the changes in interstitial 27Mg fractions as a function of implanted fluence 

[Figure 2(b), S3(c) and 4(b)] are not very pronounced, if averaged over longer measurements. 

In p-type GaN, however, the Fermi level will move upwards as a consequence of the 27Mg 

implantation defects, thus causing progressive loss of the p-type character and a lowering of 

the 27Mgi interstitial fraction. This indicates that the as-grown Mg-doped GaN sample was 

also p-type but with a considerably smaller hole concentration than the sample where Mg was 

electrically activated by post-growth annealing. In n-type GaN:Si, interstitial 27Mgi fractions 

are initially smallest, around 2-6% only, and show an increase with implanted fluence 

[Figure 2(a), S3(a), and 4(a)], for ≈1×1012 cm−2 of implanted 27Mg (7×106 events) at RT 

reaching similar levels as in nid-GaN. We interpret this as the n-type character of the sample 

being changed by implantation towards intrinsic conditions. 

c) When the fluence of implanted Mg is increased above several 1013 cm−2 by means of 

implanting the stable isotopes 24Mg, 25Mg or 26Mg, the interstitial fractions of 27Mg found in 

subsequent implantations of this radioisotope are significantly and progressively reduced to a 
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few per cent only (Figure 4 and S4). This happens irrespective of the initial doping type of 

the sample, which at such high implanted fluences quite likely has been converted to intrinsic 

conditions. We interpret this fact as due to an increase in the concentration of Ga vacancies 

VGa with Mg fluence, which increases the probability that newly implanted 27Mg is 

incorporated on substitutional Ga sites instead of staying in an interstitial position. While no 

studies on the damage accumulation in GaN for 1013-1014 cm−2 RT implantation of ions with 

masses similar to 27Mg are to be found in the literature, it has been reported that following 

40Ar implantation the number of displaced host atoms increases linearly with fluence in this 

range.[44,45] It is hence plausible to assume that this also applies to the case of VGa defects 

following Mg implantation. Our interpretation is also supported by the fact that a linear 

relation between Mg fluence and VGa can well explain the interstitial fractions of Mg as 

function of fluence observed at RT, as will be detailed below following point d). 

d) Irrespective of the doping type of the sample, the amount of interstitial 27Mgi always 

increases when the implantation temperature is raised above RT until reaching 300-400°C 

(Figure 2 and 4, also prominently visible in Figure 5). This can be explained by the fact that 

due to dynamic annealing during the implantation process at elevated temperatures less Ga 

vacancies are available in the sample, which increases the probability that 27Mg remains in 

interstitial sites. In Mg-doped GaN, there should also be a second mechanism at work: the 

general reduction of implantation damage at higher temperatures means in this case that also 

the initial spike in the interstitial Mg fraction, that is related to the p-type character of the 

samples, is revealed more profoundly. 
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Figure 4. Relative amount of interstitial 27Mg as a function of Mg fluence in different types of 

samples (a) n-GaN:Si, (b) nid-GaN, and (c) p-GaN:Mg, all for RT implantation or slightly 

above; (d) n-GaN:Si and (e) p-GaN:Mg for implantation at 300°C. The black data points 

correspond to implantation of radioactive 27Mg only, while the ones in blue are following 

additional implantation steps of the stable isotopes 25Mg or 26Mg. Note the logarithmic scale 

for the Mg fluence. The concentrations of implanted Mg in the peak of the implantation 

profile are indicated at the top axes of the figures, the one in panel (c) being different from (a) 

and (b) due to the lower implantation energy of 20 keV. The blue vertical lines in (c) and (e) 

show the Mg concentration 2×1019 cm−3 resulting from the doping of this sample during 

growth. The fitted curves are discussed in the text. 
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an implantation temperature of 300°C in n-GaN:Si and p-GaN:Mg. In n-GaN:Si [Figure 4(d)] 

the relative interstitial fraction exhibits a value of 9% for the low fluence of 2×1011 cm−2 and 

increases up to ≈13-14% once 2×1012 cm−2 is reached. The implantation of stable 25Mg then 

progressively reduces the relative interstitial fraction to below 2% above 1×1014 cm−2. On the 

contrary, in p-GaN:Mg [Figure 4(e)], at the fluence of 1.4×1011 cm−2 the relative interstitial 

fraction exhibits the high value of 28% (note that the initial transient due to loss of p-type 

character is not shown in this plot) and drops continuously to values around 2% when 

increasing the implantation fluence up to 3.8×1014 cm−2. This continuous decrease of the 

interstitial fraction was found to be approximately proportional to the logarithm of the 

implanted fluence, as is illustrated by the green line in Figure 4(e): within the fluence range 

considered in the plot, for each increase in the implanted Mg fluence by a factor of 10, the 

interstitial 27Mg fraction fi decreased by ≈7.5%. However, if we denote with C the 

concentration of available gallium vacancies VGa, one would expect for fi a functional 

dependency of the form [46] 

����� = ���
�

�	
��
��
           (1) 

where τ is the radioactive life time of 27Mg, D the sum of the diffusivities of Mgi, and VGa and 

R the capture radius of VGa and Mgi. Assuming that the concentration C of VGa is proportional 

to the implanted fluence Φ, one obtains 

����� = ���
�

�	� ��⁄
          (2) 

where Φt is a constant of dimension cm−2 that marks the turning point of the curve. The best 

fit of fi(Φ) that can be obtained using this functional form is shown in Figure S5 of the 

Supporting Information. As can be seen, such a simple capture model based on the 

assumption that the concentration of Ga vacancies in the sample is proportional to the 
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implanted Mg fluence, cannot be used to fit the whole fluence range satisfactorily. However, 

if one assumes a relation 

����� = ���
�

�	�� ��⁄ ��
          (3) 

i.e. that the VGa concentration C depends on the power Φp of the implanted fluence, a good fit 

is obtained for p=0.455 [Figure 4(e)], which means an approximate square root dependency 

C~Φ½. In contrast, when Equation (3) is used to fit the fluence dependence in nid-GaN 

[Figure 4(b)] and p-GaN:Mg [Figure 4(c)] at RT, one obtains exponents of p=1.00 and 

p=0.896, i.e. approximately a linear dependency. Thus, it seems, while at RT interstitial Mgi 

is depleted as if gallium vacancies accumulate proportional to the implanted fluence, at 300°C 

the decrease of Mgi is somewhat slower than expected from a proportional relation for Φ > Φt 

but faster for Φ < Φt, with Φt=3.4×1012 cm−2. 

e) At the implantation temperature of 400°C an entirely new trend sets in. The amount of 

interstitial 27Mg is now either already considerably reduced at low fluences [n-GaN:Si, 

Figure 2(a)] or drops very sharply as a function of fluence [p-GaN:Mg and GaN:Mg as 

grown, Figure 2(c) and 2(d)]. Further increases in the implantation temperature progressively 

decrease the amount of interstitial Mg. Note that in Figure 2(c) the interstitial fractions 

measured at 500°C and 600°C start at similar values around ~9%. While at 500°C a drop to 4-

5% is visible once more than ~5×106 events have accumulated on this beam spot, for 600°C 

no data is available for this number of events; however, it is clear from Figure 5(c) that for 

prolonged implantations also 4-5% are reached at this temperature. Finally, at 800°C 

interstitial Mg reaches values that are a few per cent only or practically 0% [Figure 2(c) and 

5]. As we have previously outlined in Ref. [31], this can be explained by the onset of the 

interstitial migration of 27Mgi, which leads to its diffusion in the sample until it finds a Ga 

vacancy VGa with which it can combine and thus be incorporated on substitutional Ga sites. 

This process was studied in more detail for all four doping types of GaN, by means of 
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determining the relative interstitial fraction of 27Mgi as a function of implantation 

temperature, without changing the beam spot and integrating over larger numbers of events, 

so that oscillations and fast, initial relaxations are averaged out. The results are displayed in 

Figure 5. The major drops in the interstitial fractions all occur around 400°C and initially 

follow in considerable detail what is expected from thermally activated Arrhenius behaviour, 

as shall be outlined in the following. The relative interstitial fractions have been fitted using 

two models that were described in more detail in Refs. [31,34]. Assuming that a certain number 

of jumps N is needed for 27Mgi to encounter a Ga vacancy VGa, the fraction fi(T) that is still 

decaying on interstitial sites as a function of temperature T should be given by 

����� = ���
�

�	
���

�
�

���
� !

          (4) 

where fi0 is the interstitial fraction at low temperatures, ν0 the jump attempt frequency, 

τ=818 s the radioactive lifetime of 27Mg, and EM the activation energy for migration of 

interstitial 27Mgi. Note that this equation leads to a single, rather sharp drop in the interstitial 

fractions with the limit fi∞=0 at high temperatures. Taking the attempt frequency 

ν0=2×1013 Hz,[31] N was assumed either to be 1 (VGa immediately neighboring 27Mgi), or 105 

(upper limit when the diffusion-induced broadening of the 27Mg profile would become 

comparable to the implantation depth) and least square fits performed on the data sets in 

Figure 5. As it turned out, Equation (4) would generally not fit well the entire temperature 

regime from 300-800°C, since it appears that there is still a second drop or slow decrease in fi 

between 600-800°C in the nid-GaN and Mg-doped samples. Such a behavior can be 

understood as resulting from a mechanism that slows down the migration for part of the 

interstitial 27Mg, such as being bound to other defects, so that for some 27Mgi interstitials a 

higher activation energy is required to combine with Ga vacancies. Another factor that is not 

taken into account by Equation (4) is that, for higher implantation temperatures, the number 

of jumps N that is needed should increase since the number of Ga vacancies is reduced. Thus, 
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while Equation (4) is likely to represent an over-simplification, when a constant term fi∞ is 

added it fits very well the initial stages of the drop in the temperature range 300-600°C in all 

samples. The resulting best fit curves and migration energies have been included in Figure 5. 

As can be seen, there are only small differences in the best fit values for EM for the various 

samples, being around 2.17-2.31 eV for N=1, and 1.50-1.59 eV for N=105. While this 

indicates similar migration behavior in all four types of samples, it should be kept in mind 

that, as was already argued above, the Fermi level in all sample types probably was around 

mid-gap due to the sustained implantation damage in these prolonged measurements. Hence 

one may not conclude that the migration behavior of Mg is the same irrespective of the Fermi 

level of the sample. Our estimate for EM falls close to the range of values EM||=2.01 eV and 

EM⊥=2.20 eV recently predicted by theory [32] for migration of interstitial Mgi
2+ in GaN 

parallel and perpendicular to the c-axis, respectively. As we have previously outlined,[33] 

activation energies for interstitial migration EM estimated from emission channeling 

experiments of 8Li, 11Be, 24Na and 27Mg in GaN and 24Na and 27Mg in AlN were found to be 

correlated with the ionic radii of Li+, Be2+, Na+, and Mg2+ and in agreement with most 

theoretical predictions. The data presented here further confirm this finding. 

We would like to point out that by means of stable 26Mg implantations the amount of 

implanted Mg in the peak of the implantation profile reached values that exceeded several 

times the doping level of 2×1019 cm−3 of Mg incorporated during growth of the GaN:Mg 

samples. We also note that the background-corrected sum fractions fi+fS of interstitial and 

substitutional 27Mg stayed rather constant around 100% up to the highest implantation 

fluences used in the experiments, cf. Supporting Information. This means that only small 

amounts of 27Mg were incorporated in irregular lattice sites, as would, e.g., be expected to 

occur during Mg clustering. Hence, by means of ion implantation it seems straightforward to 
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introduce the overwhelming amount of Mg (>95%) into substitutional Ga sites even at doping 

levels of 5×1019 cm−3. 

 

 

Figure 5. Relative amount of interstitial 27Mg as a function of implantation temperature in the 

four doping types of GaN investigated. Note that each panel includes results from two 

different samples, whose internal nomenclature is shown in the panels. For these 

measurements the beam spots on the samples were left unchanged, along with longer 

measuring times at each temperature, i.e. initial transients related to Fermi level changes in 

the samples and fluctuations, such as are observed in Figure 2(a)-2(d) are averaged out. The 

number of events accumulated at the end of the temperature sequences for samples N1, I1, 

M1 and P1 was (a) 3.5×107, (b) 3.0×107, (c) 4.5×107, (d) 2.3×107.The dotted and solid lines 

represent fits of two Arrhenius models for the site changes of interstitial 27Mg to substitutional 

positions, as is described in more detail in the text, performed for the temperature range 

around 400°C where the most prominent steps occur. The number of jumps N of Mgi 
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considered in the models is either N=1 or N=105, while EM is the corresponding best fit value 

for the interstitial migration energy. 

 
3. Conclusion 

We identified three key parameters that regulate the incorporation of implanted Mg, i.e. the 

balance between substitutional Ga and interstitial site occupancy: i) the position of the Fermi 

level, ii) the amount of Ga vacancies available during implantation, and, iii) at temperatures of 

400°C and above, the ability of Mgi to migrate and combine with Ga vacancies. 

i) The Fermi-level dependence of the formation of interstitial vs substitutional Mg means that 

the amount of interstitial Mg formed is highest when the Fermi level is low in the band gap, 

i.e. in p-type material. However, with increasing fluence the implantation-related defects push 

the Fermi level towards the middle of the band gap, as schematically illustrated in Figure 3, 

which reduces the amount of interstitial Mgi to levels which are similar to undoped material. 

The fact that this also happens in samples that were Mg-doped during growth but not 

activated through post-growth thermal annealing, indicates that these were actually also p-

type, however, with lower hole concentration since the fluence effect was faster. We also have 

strong indications that the amount of interstitial Mgi is influenced by changes in the Fermi 

level close to the surface due to positive charges building up near the GaN surface during 

implantation. 

ii) The observation that the amount of interstitial Mgi initially increases with implantation 

temperature Ti (up to Ti=400°C) can be explained by the fact that implantation at elevated 

temperatures creates less Ga vacancies, which hinders the substitutional incorporation of Mg. 

A second mechanism at work in p-type samples, is the overall reduction of defects so that 

damage-related shifts of the Fermi level are less pronounced and the p-type character 

preserved up to higher fluences. 
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iii) Finally, implanting at temperatures at 400°C and above progressively converts interstitial 

27Mgi to substitutional Ga sites in all doping types. This is due to the onset of the migration of 

interstitial Mgi at this temperature, which leads to its capture on substitutional Ga sites when 

encountering Ga vacancies. The detailed temperature dependence of this process was 

interpreted based on Arrhenius models, from which for all four sample types the activation 

energy EM for migration of interstitial Mgi was estimated between 1.5 eV and 2.3 eV. 

Independent of doping type, the amount of interstitial 27Mgi found in samples implanted close 

to RT or 300°C with the stable isotopes 24Mg, 25Mg or 26Mg at fluences above 1014 cm−2 (the 

technologically relevant fluence range) is at maximum at the level of several per cent. In 

particular this means that the amount of stable Mg introduced during previous implantations 

or from doping during growth (2×1019 cm−3) does not lead to a significant increase of the 

interstitial fraction for implanted 27Mg or to Mg clustering at the fluences investigated here. 

This underscores that, at technologically relevant fluences, ion implantation is a very efficient 

means of introducing Mg into substitutional Ga sites. It also illustrates that the problems of 

electrical activation faced for implanted Mg are not related to the lack of substitutional 

incorporation but rather to the compensating role of implantation defects. Removing the latter 

through annealing at temperatures well above 900°C (a temperature regime not accessible to 

our experimental setup) can, however, lead to long-range Mg diffusion and clustering. 

 
4. Experimental Section 

Details on the production of the radioactive isotope 27Mg at CERN’s ISOLDE on-line isotope 

separator facility,[47] the experimental conditions, the theoretical simulation of β− emission 

patterns, and the data analysis procedure have been given in our previous paper [31] and its 

supplemental material. For detection of angular-dependent β− emission yields we used a 

3×3 cm2 position-sensitive Si pad detector with 22×22 pixels [37] placed at 30 cm from the 

sample, resulting in an angular resolution of 0.1°. 
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Most of the measurements were performed with 50 keV implantations of 27Mg+ into a 1 mm 

diameter beam spot under an angle of 17° from the surface normal of the samples, using the 

on-line setup described in Ref. [48], which allows simultaneous implantation and measurement. 

For some measurements the implantation energy was lowered to 20 keV in order to maximize 

the 27Mg peak concentration and introduce the implanted atoms closer to the surface. The 

27Mg profiles resulting from 50 keV implantation are approximately Gaussian with mean 

depth and straggling of 488±244 Å, the ones from 20 keV yield 205±107 Å. The beam 

currents of 27Mg+ into the 1 mm diameter beam spot ranged from 0.06 pA to 0.8 pA 

(corresponding to 3.8×105-5×106 atoms s−1).  

Implanting the radioactive ion beam of 27Mg with sub-pA currents (fluence rates 0.5-

6.3×108 cm−2 s−1) allowed to reach a maximum implantation fluence regime around 4-

5×1012 cm−2, corresponding to 2.5-3.1×107 events on a single beam spot. In order to explore 

the fluence regime around 1014 cm−2, which is relevant for technological applications, we used 

the fact that ISOLDE is also able to deliver beams of the stable isotopes 24Mg, 25Mg and 26Mg 

at considerably higher currents than 27Mg. While the stable implantations were performed 

under the same conditions as using the radioactive ion beam, the currents ranged from 36 pA 

to 168 pA, corresponding to 0.6-2.9×1010 cm−2 s−1. Following each stable implantation, the 

samples were implanted with radioactive 27Mg in order to probe the changes in lattice site 

prevalence of 27Mg caused by the increase in implanted Mg fluence. 
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Supporting Information is available from the Wiley Online Library or from the author.  
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1. Position of interstitial Mgi in the GaN wurtzite lattice 

 

 
 
Figure S1. (11−20) plane in the GaN wurtzite lattice, showing the Ga (SA) and N (SB) atom 
positions and the major interstitial sites. The octahedral sites O are located in the wide-open 
interstitial region parallel to the [0001] axis and exactly centered in between planes of Ga and 
N atoms, as are the “hexagonal” HAB sites, while HA and HB are interstitial positions that 
have as closest neighbors A or B atoms. The best fit result from Ref. [31] for the position of 
interstitial Mgi is indicated by the yellow circles. It is shifted by (−0.60±0.14) Å from the ideal 
octahedral O position via the HA towards the HAB sites. 
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2. Simulated [0001] β− emission channeling patterns from SGa and Mgi sites 

 

 
 
Figure S2. Theoretical β− emission channeling patterns for 100% of 27Mg emitter atoms on (a) 
substitutional Ga (SGa) and (b) interstitial sites parallel to the c-axis. The “many beam” 
simulations used to calculate the angular-dependent β− emission yields assumed a Gaussian 
depth distribution of 27Mg emitter atoms at 488±244 Å, as resulting from 50 keV implantation. 
The orientation and angular resolution of the patterns are the same as those of the experimental 
pattern shown in Figure 1(c) of the main paper. Note that, while the [0001] axis and all major 
planes show channeling effects for SGa occupation, for the Mgi sites the [0001] axis and (01-
10) planes exhibit blocking effects, leading to minima of the electron count rates along these 
directions. 
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3. Interstitial 27Mg fractions for additional samples as a function of recorded detector 

events 

 
  

 
 

Figure S3. Relative amount of interstitial 27Mg as a function of the integrated number of 
measured events for additional samples of (a)-(b) n-GaN:Si, (c) nid-GaN, and (d) p-GaN:Mg. 
The red and magenta curves in panels (a), (c) and (d) are 10-point smooths of the original data, 
thus eliminating short-time fluctuations due to surface charges. Panels (a) and (d) compare data 
from measurements for 20 keV implantation to those for 50 keV shown already in Figure 2(a) 
and 2(d) of the main paper. Panel (b) is an additional example for low interstitial fractions in n-
GaN:Si. Note that for each implantation temperature shown in this panel a fresh beam spot was 
chosen. Thus, while every 1×107 events correspond to an implanted 27Mg fluence of 
1.6×1012 cm−2, as indicated by the black arrows, the overall number of implanted Mg atoms did 
not accumulate in a single spot on the sample. Panel (c) is an additional example for 
intermediate interstitial fractions in nid-GaN, illustrating the fluctuations due to surface 
charges, and also the fluence dependence of Mgi, which decreased from 10% at the beginning 
to 5-6% at 2.3×107 events (corresponding fluence 3.7×1012 cm−2), similar to what is shown in 
Figure 2(b) and 4(b) of the main paper. 
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4. Interstitial 27Mg fractions for an additional nid-GaN sample as a function of Mg fluence 

 

 
 
Figure S4. Relative amount of interstitial 27Mg as a function of Mg fluence in an additional 
nid-GaN sample for 50 keV implantation at 60°C, cf. those shown in Figure 4 of the main paper. 
The black data point corresponds to implantation of radioactive 27Mg only, while the ones in 
blue are following additional implantation steps of the stable isotope 24Mg. Note the logarithmic 
scale for the Mg fluence. The concentration of implanted Mg in the peak of the implantation 
profile is indicated at the top axis of the figure. 
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5. Capture model and logarithmic fits to fluence dependence of interstitial Mg in  

p-GaN:Mg 

 

 
 
Figure S5. Relative amounts of interstitial 27Mg as a function of Mg fluence in p-GaN:Mg for 
50 keV implantation at 300°C [same data as shown in Figure 4(e) of the main paper], together 
with the best fit of capture models of the functional form y=fi0/[1+(x/Φt)p] given in Equation (3) 
of the main paper. The simple capture model y=fi0/[1+x/Φt], which assumes that the 
concentration of Ga vacancies in the sample is proportional to the implanted Mg fluence, i.e. 
p=1, cannot be used to fit the entire fluence range satisfactorily. Allowing the exponent p to 
vary, the best fit for y=fi0/[1+(x/Φt)p] is obtained with the exponent p=0.455, i.e. very close to 
½. The best fit of the capture model depending on the square root of fluence y=fi0/[1+(x/Φt)½], 
i.e. p=½, yields a very similar fit quality. Also shown is the fit of a logarithmic dependence of 
the form y=a-b log(x), which provides also a surprisingly good fit quality for a=111% and 
b=7.50%, i.e. with the interstitial fraction decreasing by 7.5% for each decade of fluence in the 
considered range. 
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6. Background corrected sum fractions fi+fS of 27Mg as a function of Mg fluence 

 
Measurements of electron emission channeling effects are always subject to background which 
arises from two sources. First there is the contribution from electrons that are backscattered 
from inside the sample or from the walls of the vacuum chamber. This effect can only be 
theoretically estimated, in our case by performing GEANT4 Monte Carlo simulations of 
electron trajectories. 
The second contribution arises from the background of gammas that are either emitted by the 
sample itself, by radioisotopes in the vicinity, or which result from cosmic radiation. The 
gamma background can be experimentally estimated by closing a shutter valve in front of the 
detector, which stops all electrons from the sample but allows most of the γ particles to pass. 
While routinely performed at intervals during the experiments, this procedure does not allow to 
continuously monitor the background. The gamma background in off-line experiments with 
long-lived radioisotopes is generally rather stable with time, however, in on-line experiments 
with short-lived isotopes such as 27Mg it is subject to fluctuations. These arise basically from 
two sources. First of all, the collimation of the ISOLDE beam to 1 mm diameter by means of a 
nozzle results in only about 50% of the 27Mg beam being implanted into the sample. The rest is 
deposited inside the collimating nozzle, which is located about 25 cm from the sample (cf. Ref. 
[Silva 13] for a sketch of the experimental setup). The gamma radiation emitted by the 27Mg 
isotopes deposited in the nozzle, while shielded from direct line of sight towards the detector, 
partially passes through the shielding and thus also contributes to the detector count rate. If the 
focusing of the ion beam changes, so do the relative fractions of ions implanted into the sample 
and deposited inside the collimating nozzle, which somewhat changes the signal to background 
ratio. The second but less important source is the overall gamma background in the ISOLDE 
experimental hall, which is subject to fluctuations e.g. due to variations of the intensity of the 
proton beam that induces a multitude of nuclear reactions inside the radioisotope production 
target. In experiments with short-lived isotopes such as 27Mg, gamma background from cosmic 
radiation is usually negligible in comparison to the high electron count rate from the sample. In 
general, overall fluctuations in gamma background during on-line experiments with 27Mg 
amount to around ±5-10%, and thus lead to similar fluctuations in the estimated sum fractions 
fi+fS. 
The sum fractions fi+fS for various experiments, shown in Figure S6, were found to be 
somewhat higher than 100%. This indicates that the background that is contributed by scattered 
electrons and that was simulated by means of GEANT4, has been overestimated to some extent 
(the expected accuracy of the scattered electron background simulations of the order of ±10%). 
As can be seen from the figure, the sum fractions show the tendency to decrease by a few per 
cent up to the highest fluences. This can be attributed to a few per cent of 27Mg being 
incorporated in irregular lattice sites, such as in clusters, but can also be a consequence of 
damage accumulated in the GaN crystal. Both effects cause a decrease in the anisotropy of 
electron channeling effects, with a corresponding decrease in the fitted sum fractions fi+fS, and 
an increase in the so/called “random fraction”, which is characterized by a flat contribution to 
the electron emission channeling patterns. 
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Figure S6. Background corrected sum fractions fi+fS of 27Mg as a function of Mg fluence in (a) 
n-GaN:Si and (b) nid-GaN for implantations close to RT, and in (c) n-GaN:Si and (d) p-
GaN:Mg for implantations at 300°C. The black data points correspond to implantation of 
radioactive 27Mg only, while the ones in blue are following additional implantation steps of the 
stable isotopes 25Mg or 26Mg. Note the logarithmic scale for the Mg fluence. The concentrations 
of implanted Mg in the peak of the implantation profile are indicated at the top axes of the 
panels. 
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