
Electrical activity of Mg clustering at nanoscale defects induced by N ion 
implantation in GaN 
 

Kosuke Ishikawa,1 Emi Kano,2 Jun Uzuhashi,3 Kensuke Sumida,1 Tetsuo Narita,4 Masahiro Horita,1 

Junya Sahashi,1 Shun Lu,2 Jun Suda,1 Tadakatsu Ohkubo,3 Tetsu Kachi,2 Nobuyuki Ikarashi2 

 
1 Graduate School of Engineering, Nagoya University, Nagoya, Aichi 464-8603, Japan 
2 Institute of Materials and Systems for Sustainability, Nagoya University, Nagoya, Aichi 464-8601, 
Japan 
3 National Institute for Materials Science, Tsukuba, Ibaraki 305-0047, Japan 
4 Toyota Central R&D Labs., Inc., Nagakute, Aichi 480–1192, Japan 
 

Corresponding author: Emi Kano 

Email: kano@imass.nagoya-u.ac.jp  

 

Abstract 
The p-type doping of GaN using Mg ion implantation remains a critical challenge in the 

development of GaN power devices. Herein, we demonstrate that Mg clustering, induced by 

sequential N ion implantation, impacts acceptor concentration (Na), compensating donor 

concentration (Nd), and acceptor activation energy (∆Ea). N was implanted at the same concentration 

as Mg to suppress Mg diffusion. Hall-effect measurements indicated that, for Mg doses above 

1×1019 cm−3, Na reached a plateau whereas Nd continued to increase. Consequently, the net acceptor 

concentration (Na − Nd) reached a maximum of 4×1018 cm−3 at a Mg dose of 1×1019 cm−3. ∆Ea 

decreased with increasing Mg dose. Atomic-resolution structural analyses revealed that nanoscale 

defects generated by N implantation induced Mg clustering around these defects, with the cluster 

density increasing with Mg dose. Notably, peak Mg concentrations within these clusters exceeded 

1×1021 cm−3 and increased with Mg dose, whereas Mg atoms outside these clusters remained 

uniformly dispersed in the range 1.3−1.5×1018 cm−3 regardless of Mg dose. These findings suggest 

that the increase in Na up to a Mg dose of 1×1019 cm−3 can be attributed to the Mg atoms within 

these Mg-rich clusters acting as acceptors, which also lowered ∆Ea. Conversely, Mg atoms at or near 

the peak Mg-concentration sites likely acted as compensating donors, contributing to the increase in 

Nd with increasing Mg dose. These findings elucidate the impact of Mg clustering induced by 

nanoscale implantation defects on the p-type conductivity of GaN, providing insight for improving 

ion-implantation doping strategies in GaN. 
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Ion implantation technology for the conductivity control of GaN-based devices has been 

extensively developed,1-11 with n-type doping being well-established and widely used in electronic 

device fabrications1-3. In contrast, p-type doping is only now approaching practical implementation 

owing to recent advances in post-implantation activation annealing techniques.12,13 However, the 

fundamental mechanisms underlying acceptor activation in ion-implanted GaN remain unclear. 

Annealing in a high-pressure N₂ atmosphere (500 MPa or higher) prevents the surface 

decomposition of the GaN substrate, even at temperatures exceeding 1300 ℃,12,13 thereby enabling 

the electrical activation of ion-implanted Mg.12,14,15 However, this process induces the out-diffusion 

of Mg from the ion-implanted region, thereby reducing the Mg concentration within the implanted 

area.16,17 This concentration reduction remains a significant challenge for practical implementation. 

Recent studies have reported that sequential N implantation at a concentration comparable to that of 

Mg can help suppress this concentration reduction.18-20 

The crystal defects generated by sequential N implantation play a crucial role in maintaining the 

Mg concentration.21-24 Specifically, the implantation process increases the density of point defects, 

which promotes a higher MgGa concentration and thereby mitigates Mg concentration reduction in 

the ion-implanted region.24 Furthermore, nanoscale defects generated by N implantation induce Mg 

clusters, preventing the reduction in Mg concentration observed in samples without N 

implantation.2425 However, some of the Mg atom clusters at these nanoscale defects likely do not act 

as acceptors.24 Therefore, defect-mediated Mg clustering significantly impacts the p-type electrical 

characteristics of ion-implanted GaN. The underlying mechanisms whereby these defects affect the 

electrical properties remain poorly understood, as systematic analyses are still lacking. 

In this study, we demonstrate that crystal defect-induced Mg-rich clusters formed during ion 

implantation and activation annealing influence the acceptor concentration (Na), compensating donor 

concentration (Nd), and acceptor ionization energy (∆Ea) in GaN sequentially implanted with Mg and 

N ions. Mg and N were implanted at equal concentrations, with the Mg dose ranging from 3×1018 to 

1×1020 cm−3. Temperature-dependent Hall-effect measurements revealed the implantation dose 

dependence of Na, Nd, and ΔEa. Transmission electron microscopy (TEM) and atom probe 

tomography (APT) analyses revealed the defect structures and Mg atom distribution with atomic-

scale resolution. These analyses elucidate the impact of crystal defect formation and the resulting 

Mg clustering on Na, Nd, and ∆Ea in the samples. 

 

Mg and N ions were sequentially implanted into a 3-μm-thick n-type GaN epitaxial layer ([Si] 

= 2×10¹⁶ cm⁻³) grown on freestanding GaN (0001) substrates to form 400-nm-depth box-shaped 

profiles. Four samples, hereinafter referred to as Samples A‒D, were prepared with Mg implantation 

doses of 3×10¹⁸, 1×10¹⁹, 3×10¹⁹, and 1×10²⁰ cm⁻³, respectively. N ions were implanted to match the 

Mg concentration and profile of each sample. Post-implantation annealing was performed at 1300 °C 



for 60 min in an N2 atmosphere at 0.5 GPa.12,15 Ion implantation profiles were simulated using the 

scatGUI software.26 

Crystal defects were examined using annular dark-field (ADF) scanning TEM (STEM). The 

acceleration voltage was 200 kV, and the inner and outer angles of the ADF detector were 20 and 60 

mrad, respectively. TEM specimens were prepared by mechanical thinning followed by Ar-ion 

milling. The TEM specimen thicknesses were determined by convergent beam electron diffraction 

analysis using the mbfit program.27,28 

APT measurements were performed using CAMECA Invizo6000 in the 257.5 nm DUV laser 

pulsing mode at a frequency of 440 kHz and a specimen temperature of 30 K. Using a focused ion 

beam system, we fabricated APT specimens to have a radius of curvature of 50 nm and a shank 

angle of 10°.29 All the specimens were then cleaned at 2 kV.30 

For the Hall-effect measurements, Ni (20 nm)/Au (100 nm) electrodes with a diameter of 600 

µm were formed at the four corners of the square samples. Before electrode formation, a 50-nm-

thick Mg layer was deposited at the electrode areas and annealed,31 reducing the resistance of the 

ohmic contact regardless of the doping concentrations of p-type GaN. Hall-effect measurements 

were conducted in the temperature range of 160–500 K. Details of the sample preparation for the 

Hall-effect measurements have been described in our previous report.32 

 

Figures 1(a)–(d) show the ADF-STEM images, indicating that the density of nanoscale crystal 

defects increases with the Mg implantation dose. The small bright dots in the images are defects 

generated during ion implantation and subsequent annealing.20,24 Two distinct types of defects can be 

observed regardless of the Mg implantation dose, as exemplified in Fig. 1(e) for Sample D. The first, 

denoted as Type 1, appears as a bright area with a central neck (indicated by the dashed line). This 

defect has been identified as an extrinsic dislocation loop with an additional GaN c-plane. Namely, 

an extra nano-scale disk of one GaN c-plane is inserted between the c-planes of GaN.24 The second, 

denoted as Type 2, appears as a bright region divided into two sides by the dark area (dashed line) 

and is an extrinsic dislocation loop with an additional GaN a-plane.24 The dashed lines in Fig. 1(e) 

indicate the approximate positions of the additional GaN planes. 

Figures 1(f)–(j) show the 3D APT atom maps of Mg in the ion-implanted regions, where green 

dots represent individual Mg atoms. The top of each map is positioned several tens of nanometers 

below the GaN surface. These maps reveal the formation of nanometer-scale Mg-rich clusters, with a 

number density that increases with the Mg implantation dose. A previous study attributed such 

clustering to the strain fields associated with the defects shown in Figs. 1(a)–(d).24 As an example, 

the Mg distribution around a cluster in Sample D is shown in the inset of Fig. 1(j). The doughnut-

shaped morphology on the (0001) plane of GaN indicates that Mg clustering was induced by a Type 

1 defect.24 Furthermore, the APT analysis revealed that the peak Mg concentration within these 



clusters was over 1×10²¹ cm⁻³. Figure 1(j) shows the Mg concentration depth profile extracted from 

the cylindrical volume indicated in the inset. The Mg concentration depth profile in Sample A is also 

indicated in the diagram. The peak concentrations for Samples A−D were typically 1.8×10²¹, 

1.6×10²¹, 2.4×10²¹, and 7.3×10²¹ cm⁻³, respectively. From Samples B to D, the peak concentration 

increased with increasing Mg implantation dose. Mg atom maps and corresponding concentration 

profiles of the Mg-rich clusters for Samples A−C are provided in Supplementary Material. 

The APT analysis further showed that Mg atoms were uniformly or randomly dispersed outside 

the Mg-rich clusters, with a concentration range of 1.3−1.5 × 1018 cm−3 regardless of the Mg 

implantation dose (Fig. 2). This concentration was estimated using a binomial analysis of the APT 

data. In contrast, the density of the clustered Mg atoms, which is defined as the difference between 

the total and uniformly dispersed Mg concentrations, increased proportionally with the Mg 

implantation dose. 

Figure 3 presents the Mg concentration depth profiles obtained using secondary ion mass 

spectrometry. The profiles show that Mg atoms diffused from the implanted region toward the 

substrate side, forming a layer with an Mg concentration range of 1−2 × 1018 cm−3. This 

concentration is nearly identical to that of the uniformly dispersed Mg atoms within the implanted 

region. For carrier concentration calculations, the effective film thickness was defined as the depth 

where the Mg concentration reduced to 1×1017 cm−3. 

  



Fig. 1. (a)–(d) Cross-sectional annular dark-field scanning transmission electron microscopy (ADF-STEM) 

images of the ion-implanted regions in Samples A–D. The dashed lines indicate a depth of 400 nm from the 

GaN surface. The incident beam direction is <1-100>, and the specimen thickness is approximately 100 nm. 

Crystal defects are observed as small bright dots; their number density increases with the Mg implantation 

dose. (e) Close-up of defects in Sample D. Two types of defects can be observed in all samples. Type 1: a 

bright area with a central neck (dashed line). Type 2: a bright area bisected by a dark region (dashed line). (f)–

(i) Atom probe tomography (APT) 3D maps of Mg in the ion-implanted regions of Samples A–D. Green dots 

indicate individual Mg atoms. The density of Mg-rich clusters increases with the Mg implantation dose. (j) 

Representative Mg concentration profile around a Mg-rich cluster in Sample D. The inset shows the analyzed 

region (a 15 nm cube), where the concentration is measured within a cylindrical volume with a 3 nm diameter. 

Concentration is plotted as a function of the distance from the cylinder top (solid circles). The concentration 

profile across a Mg-rich cluster in Sample A is indicated by open circles. Both profiles exhibit peak 

concentrations exceeding 1×10²¹ cm⁻³. 



  

Fig. 2 Uniformly distributed and clustered Mg atoms in Samples A–D obtained through a binomial analysis of 

atom probe tomography (APT) data. The vertical axis indicates the number of Mg atoms per unit volume. The 

amount of uniformly dispersed Mg atoms is in the range 1.3–1.5×1018 cm⁻³ regardless of the Mg implantation 

dose, while that of the clustered Mg atoms increases monotonically. The numerical values for these Mg 

densities are provided in the Supplementary Material. 

Fig. 3 Mg concentration depth profiles. Mg atoms diffuse from the 400-nm-thick implanted region, forming a 

layer with a concentration range of 1–2×1018 cm⁻³ on the substrate side. The letters A–D indicate different 

samples. 



Room-temperature two-terminal current–voltage (I–V) characteristics were measured using the 

same structures as those employed for the Hall-effect measurement (Fig. 4a). The linear I–V curves 

for Samples A, B, and C demonstrate the formation of ohmic contacts via our contact fabrication 

process involving Mg deposition. In contrast, almost no current was detected for Sample D within 

the measured voltage range. 

Hall-effect measurements were performed to investigate the dependence of Na, Nd, and ΔEa on 

the Mg implantation dose. Figure 4(b) shows the temperature-dependent carrier concentrations for 

Samples A to C (circles). While Samples A, B, and C exhibited p-type conductivity, Sample D did 

not. The solid lines represent theoretical fits based on the charge neutrality condition and 

semiconductor statistics, using Na, Nd, and ΔEa as fitting parameters. For these fits, an effective 

density of states at 300 K of 7.3×1019 cm−3 and a Hall scattering factor of γH = 1 were adopted.33 The 

details of the analysis procedure, including fitting equations and parameters, are provided in the 

Experimental Methods section of Ref. 33. The resulting parameters are plotted in Fig. 4(c) and listed 

in Table S1 of the Supplementary Material. Figure 4(c) shows that Na increases as the Mg dose rises 

from Samples A to B (3×1018 to 1×1019 cm−3) but levels off at 5.2×1018 cm−3 between Samples B and 

C (dose exceeding 1×1019 cm−3). In contrast, Nd increases monotonically with the Mg dose across 

Samples A to C. This leads to a maximum net acceptor concentration (Na−Nd) of 4×1018 cm−3 at an 

Mg dose of 1×1019 cm−3 (Sample B), after which the concentration decreases due to the continuous 

rise in Nd. In addition, ΔEa decreases with increasing Mg dose from Samples A to C. 

Fig. 4 (a) Two-terminal I–V characteristics. The current increases from Samples A to C with increasing Mg 

implantation doses, whereas Sample D exhibits a significantly lower current. (b) Temperature dependence of 

hole concentration. Solid circles and lines represent experimental data and fitting curves, respectively. The 

measurable temperature ranges vary depending on the experimental setup. (c) Na, Nd, and ΔEa as a function of 

the Mg implantation dose. Na, Nd, and ΔEa values are provided in the Supplementary Material.  



Our analyses showed that, among Samples A and B, Na was higher in Sample B (Fig. 4(c)). 

Concurrently, Mg concentrations in Samples A and B differed within the ion-implanted region (Fig. 

3), attributed to the higher number density of the clustered Mg atoms in the implanted region of 

Sample B (Fig. 2). These findings indicate that a portion of the Mg atoms in the Mg-rich clusters 

acted as acceptors, increasing Na in Sample B. This is further supported by the fact that Na in Sample 

B (5.2×1018 cm−3) significantly exceeded the Mg concentration both outside the Mg-rich clusters 

(1.3×1018 cm−3) and within the underlying Mg-diffused layer (1−2 × 1018 cm−3). In contrast, between 

Samples B and C, Na remained identical (Fig. 4(c)), despite the higher number density of clustered 

Mg atoms in Sample C (Fig. 2). This implies that not all Mg atoms within these clusters acted as 

acceptors, which is consistent with our previous analyses of Mg and N ion implanted samples.24 

The Mg acceptors within Mg-rich clusters likely reduced the apparent ΔEa of the samples. This 

is because the Mg concentration inside these clusters in Samples A‒C was higher than that outside 

the clusters (1.3−1.5 × 1018 cm−3) or in the Mg-diffused layer (1− 2 × 1018 cm−3) (Figs. 2 and 3) and 

because ΔEa reportedly decreased with increasing Na for Na below 2×1020 cm−3.34,35 As we assumed 

a single ΔEa value in our carrier concentration analysis, the presence of these low-ΔEa acceptors 

lowered the apparent ΔEa of the samples. Additionally, the peak Mg concentration in a Mg-rich 

cluster increased with increasing Mg dose (Fig. 1(j) and Fig. S2 in the Supplementary Material). 

This strongly suggests that the average Mg concentration in the clusters also increased, implying that 

ΔEa of the Mg acceptors in the clusters decreased with increasing Mg dose. These results explain the 

observed dependency of the apparent ΔEa on the Mg implantation dose. 

The extremely high Mg concentration peaks (exceeding 1×10²¹ cm−3) observed within the Mg-

rich cluster (Fig. 1(j)) strongly suggest that the Mg atoms distributed around these peaks acted as 

compensating donors. This is because a previous theoretical study showed that the formation energy 

of interstitial Mg (Mgi) sharply decreased when the Mg concentration exceeded 1020 cm−3, and such 

Mgis act as double donors that compensate for Mg acceptors.36 Furthermore, the number density of 

these high-Mg concentration sites increased with the Mg implantation dose (Figs. 1(a)–(d) and (f)–

(i)), implying a corresponding increase in the number density of Mgi atoms. This suggests that the 

rise in Nd from Samples A to C can be partially attributed to the presence of Mgis within the Mg-rich 

clusters. Consequently, these findings reveal the amphoteric nature of Mg clustering: it contributes to 

increasing Na and decreasing ∆Ea, while simultaneously promoting the formation of compensating 

donors. Furthermore, these results clarify that Mg clustering plays a crucial role in determining the 

net acceptor concentration, providing a fundamental basis for advancing ion-implantation doping 

technologies for GaN.  

For Mg implantation doses exceeding 1×10¹⁹ cm−3, we found that the net acceptor concentration 

decreased while Nd increased (Fig. 4(c)). This likely accounts for the minimal current observed in 

the I–V characteristics of Sample D, which was the most heavily implanted sample (Mg dose of 



1×1020 cm−3), as well as the absence of p-type conduction in the Hall-effect measurement. 

Additionally, this provides a plausible explanation for the previously reported dependence of sheet 

resistivity on Mg and N doses, where the sheet resistance was higher at an Mg concentration of 

9×10¹⁹ cm⁻³ than at 2×10¹⁹ cm⁻³.20 

 

In summary, Mg and N ions were sequentially implanted into GaN(0001) substrates at 

equivalent concentrations, followed by annealing at 1300 °C for 60 min. In the Mg dose range of 

3×1018–1×1020 cm−3, Na plateaued at doses above 1×1019 cm−3, whereas Nd continued to rise with an 

increasing Mg dose. Consequently, the net acceptor concentration (Na−Nd) reached a peak of 4×1018 

cm−3 at an Mg dose of 1×1019 cm−3. In addition, ΔEa decreased with an increasing Mg dose. P-type 

conduction was not observed in the sample with an Mg dose of 1×1020 cm−3. Atomic-resolution 

structural analysis revealed the formation of nanoscale defects and surrounding Mg-rich clusters, 

with the peak Mg concentration exceeding 1021 cm−3. While the number density of the Mg-rich 

clusters and peak Mg concentration of these clusters increased with the Mg dose, Mg atoms outside 

these clusters were uniformly dispersed in the concentration range of 1.3−1.5×1018 cm−3, 

independent of the Mg dose. These electrical and structural characterizations indicate that some of 

the Mg atoms in the Mg-rich clusters acted as acceptors, thereby increasing Na and net acceptor 

concentration up to an Mg dose of 1×10¹⁹ cm⁻³. These acceptors also contributed to the reduction in 

the apparent ΔEa. Meanwhile, other Mg atoms in the clusters likely acted as compensating donors. 

These donors could have been a cause for the observed increase in Nd, resulting in a decrease in the 

net acceptor concentration beyond an Mg dose of 1×1019 cm−3. These findings clarify the crucial 

roles of nanoscale implantation defects and dopant clustering in controlling the conductivity of GaN, 

providing strategic insights into ion-implantation science for semiconductor device technologies.  



Supplementary Material 

Supplementary Material provides magnified ADF-STEM images of the nanoscale defects in samples 

A−C (Fig. S1). Fig. S2 shows representative Mg concentration profiles across Mg-rich clusters in 

these samples, along with their 3D Mg atom maps. Numerical data corresponding to Fig. 2 (total, 

uniformly distributed, and clustered Mg densities) and Fig. 4(c) (Na, Nd, and ΔEa) are listed in Tables 

S1 and S2, respectively. 
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