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Mg ions were implanted into Si-doped (5×1017 cm–3) n-GaN at a dose of 1.5×1011 or 1.5×1012 

cm–2. MOS diodes were used to characterize the implanted GaN after 300 ℃ annealing for 

3 h and after additional 500 ℃ annealing for 3 min. Although capacitance–voltage (C–V) 

characteristics varied with the dosage, the effects of acceptor-like defects induced by ion 

implantation were observed in the C–V characteristics independently of dosage and annealing 

temperature. A defect level at approximately 0.25 eV below the conduction band edge was 

detected electrically. By positron annihilation spectroscopy, its origin was identified as a 

divacancy consisting of Ga and N vacancies. It was found that its density compared with that 

of as-implanted GaN decreased with 300 ℃ annealing, and further increased with 500 ℃ 

annealing. This phenomenon was explained on the basis of the difference between the 

diffusion barriers of possible point defects. 
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1. Introduction 

GaN has revolutionized optoelectronics with the introduction of high-brightness light-

emitting diodes1, 2). Recently, this material has attracted attention as a promising material for 

power devices3–5) because of its wide bandgap5), high breakdown field6), good thermal 

conductivity5), high electron mobility at low electric fields5), and high electron saturation 

velocity at high electric fields7). In addition, an excellent metal-oxide-semiconductor (MOS) 

structure with a thoroughly minimized interface state density can be obtained by carefully 

depositing an insulator on a GaN surface8–11), which leads to the realization of high-

efficiency power devices, such as vertical MOS field-effect transistors4, 12–14). In the 

fabrication of power devices, ion implantation is a convenient method for forming a 

selectively doped region as a building block. However, for GaN, ion implantation for 

forming a p-type region has been difficult.  

    Recently, p-type conductivity has been reported to be achieved by Mg ion implantation 

combined with high-temperature annealing to activate Mg acceptors and recover defects. 

Rapid thermal annealing (RTA) with sequential pulse heating, named multicycle RTA, has 

been reported to be efficient for activating Mg acceptors15–18). Although this method was 

carried out under a nitrogen overpressure of 2 MPa, it has been reported that a p-type region 

can be obtained by Mg ion implantation combined with annealing at a temperature higher 

than 1230 oC even in atmospheric-pressure nitrogen19–22). However, the activation rate seems 

to be higher for annealing under the nitrogen overpressure. Moreover, ultrahigh-pressure 

annealing in which Mg-ion-implanted GaN was annealed at 1400 oC or higher under a 

nitrogen overpressure of 1 GPa was performed, resulting in a successful generation of holes 

confirmed by the temperature dependence of the Hall effect with a high activation ratio23).  

   In addition to obtaining a p-type region successfully, defect levels generated by Mg ion 

implantation have also been investigated. Deep-level transient spectroscopy (DLTS) using 

Schottky barrier diodes revealed several defect levels at 0.2–1.1 eV below the conduction 

band edge EC in Mg-ion-implanted GaN after annealing at various temperatures up to 1000 
oC24). Another approach has been used for the electrical measurement of defect levels using 

a MOS structure with Mg-ion-implanted GaN25–27). Both approaches were used for 

evaluating lightly Mg-ion-implanted GaN that exhibited n-type conduction, which enabled 

the comparison of the results with a vast amount of previously reported data on defect levels 

detected in n-type GaN28–36). Nevertheless, the assignment of defects by a method other than 

electrical measurements has not been performed to investigate the effects of low-temperature 

annealing on Mg-ion-implanted GaN. 
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On the other hand, positron annihilation spectroscopy (PAS) is a powerful method for 

analyzing vacancy defects in various materials. This method has been applied to Mg-ion-

implanted GaN37–40). On the basis of the results of PAS for room-temperature Mg ion 

implantation, the Ga–N divacancy (VGaVN) was mainly detected for as-implanted samples38). 

Upon annealing at 1000 oC, vacancy agglomeration occurred to form vacancy clusters. It 

was suggested that vacancy defects existed even after annealing at 1300 oC, which can cause 

carrier trapping and scattering. Such defects may lower the activation rate of Mg and affect 

the device performance. To realize a power device with excellent performance, methods of 

controlling defects should be developed. Although high-temperature annealing cannot 

eliminate defects completely, a clue to developing a method of controlling defects might be 

obtained by investigating the behavior of defects generated by ion implantation upon low-

temperature annealing.  

In this study, we investigate the behavior of defects generated by Mg ion implantation 

upon annealing at 300 and 500 oC by a combination of electric measurement using MOS 

diodes and analysis using a monoenergetic positron beam. In addition to the Ga vacancy 

(VGa) and its clusters with the N vacancy (VN), we also discuss the behavior of interstitial Ga 

(Gai) and interstitial N (Ni).  

 

2. Experimental procedure 

Samples were prepared as shown in Fig. 1 and as described below. A Si-doped n-GaN layer 

(3 µm thick, n = 5×1017 cm–3) was grown on a free-standing n+-GaN (0001) substrate via an 

n+-GaN buffer layer by metalorganic vapor phase epitaxy (MOVPE). Mg ions were 

implanted at room temperature at an energy of 50 keV, an angle of 7o, and a dose of 1.5×1011 

or 1.5×1012 cm–2. The depth profiles of the Mg concentration, [Mg], were measured by 

secondary ion mass spectroscopy (SIMS). Figure 2 shows the SIMS [Mg] profile for the as-

implanted low-Mg-ion-dose sample in comparison with the calculation results obtained 

using the “stopping and range of ions in matter (SRIM)” code for [Mg], the concentration of 

VGa, [VGa], and that of VN, [VN]. The calculated [Mg] is in good agreement with the SIMS 

result at the top of the profile, although the tail in the SIMS profile indicated a trace of the 

channeling phenomenon. Note that high [VGa] and [VN] are calculated. Since the vacancies 

are accompanied by interstitials, the concentrations of Gai and Ni can be in a similar order 

to [VGa] and [VN]. Therefore, we can expect the detection of the defects produced by 

implantation. Thereafter, for the samples with 500 oC annealing, a 20-nm-thick Al2O3 layer 

was formed by atomic layer deposition (ALD) using trimethylaluminum and H2O at a 
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substrate temperature of 300 oC, followed by annealing at 500 oC for 3 min under nitrogen 

flow and the removal of the Al2O3 layer. For the sample without 500 oC annealing, this 

process step was not carried out. The fabrication of MOS diodes was completed by forming 

a 30-nm-thick Al2O3 layer by ALD, followed by the metallization of a Ni/Au electrode on 

the top and an ohmic contact of Ti/Au on the back surface of the GaN substrate. Finally, 

postmetallization annealing (PMA) was carried out for 3 h at 300 oC in air to reduce the 

interface state density (Dit)8, 9). For the completed MOS diodes, capacitance–voltage (C–V) 

and capacitance–frequency (C–f) measurements were carried out. The bare GaN samples for 

PAS analysis were prepared by removing the Al2O3 layer after the same annealing steps as 

those for the MOS diodes to ensure the same thermal history.  

    Although details on PAS were described previously37–40), a brief explanation of PAS is 

as follows. Upon the annihilation of a positron, a γ-ray is radiated with an energy of 511 keV. 

When the annihilation is induced by a vacancy defect, the line width of the radiated γ-ray 

compared with that in the defect-free (DF) case undergoes Doppler broadening. The line-

shape parameter S is defined as the ratio of the integrated intensity in the range of 510.22–

511.78 keV to the total integrated intensity, whereas the wing parameter W is the fraction of 

the integrated intensity in the ranges of 504.14‒507.96 and 514.04‒517.86 keV. By 

measuring S at various positron energies, we obtained the depth profile of S increased by the 

vacancy defects. The relationship between S and positron energy was analyzed using 

VEPFIT, a computer program developed by van Veen et al.41) Moreover, by coincidence 

Doppler broadening (CDB) measurement, where S and W are measured coincidentally, we 

can assign a defect by comparison with the theoretically calculated S–W relations for 

possible vacancy defects. The Doppler broadening spectra of positrons corresponding to the 

annihilation of positrons were calculated using the quantum materials simulator (QMAS) 

code. This program adopts the projector augmented-wave (PAW) method42) to obtain 

electron wave functions. Details of the calculation procedure are described elsewhere.43) 

 

3. Results and discussion 

3.1 Electrical properties of MOS diodes 

In the case of the lower Mg ion dose, the MOS diodes with 300 oC annealing exhibited 

anomalous C–V characteristics as shown in Fig. 3(a), where the bias voltage was swept from 

the negative side to the positive side. Here, the ideal curve assuming no implantation was 

calculated with the same flat-band-voltage shift as the experimental C–V curve of the MOS 

diode with unimplanted n-GaN. Around zero bias, the slope of the C–V curve is steeper than 
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that of the ideal curve. In addition, a plateau can be seen distinctly. These results indicate 

that defects existed in the bulk of the Mg-ion-implanted GaN. In particular, the anomalously 

steep region appearing on the right side of the ideal curve indicates that an acceptor-like 

defect compensating for the Si donor existed predominantly in GaN44, 45). Furthermore, a 

slight frequency dispersion was observed. Although the frequency dispersion and the plateau 

of the C–V characteristics were reduced by 500 oC annealing as shown in Fig. 3(b), the 

anomalously steep region still existed, indicating that the acceptor-like bulk defect persisted. 

    Since the measured C–V curves are affected by the acceptor-like defect being partially 

steeper than the ideal curve, the high-frequency capacitance method for deriving the 

interface state density Dit cannot be applied to the 1 MHz C–V curves in Figs. 3(a) and 3(b). 

Instead, we applied the high-low-frequency capacitance method to 1 MHz and 1 kHz C–V 

curves. In this method, Dit is derived from the high-frequency-limit capacitance CHF and the 

low-frequency-limit capacitance CLF according to46) 

 

𝐷௜௧ ൌ
ଵ

௤మ
൬ቀ

ଵ

஼ಽಷ
െ ଵ

஼ೀ೉
ቁ
ିଵ
െ ቀ ଵ

஼ಹಷ
െ ଵ

஼ೀ೉
ቁ
ିଵ
൰,     (1) 

 

where COX is the oxide capacitance. Here, the position of the surface Fermi level EFS 

corresponding to V was calculated by46) 
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௏
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,       (2) 

 

where V0 is the voltage for strong accumulation. Regarding the 1 kHz and 1 MHz 

capacitances as CLF and CHF, respectively, we derived the Dit distribution in the range near 

EC where the time constants of the interface states are sufficiently small. The result is shown 

in Fig. 4. Here, the detected traps are assigned to not only the interface states but also the 

bulk traps as discussed later. Therefore, the derived density distribution should be labeled as 

the trap density DT distribution. A discrete level seems to exist at around EC – 0.25 eV for 

the sample annealed at 300 oC. For the sample annealed at 500 oC, this level may be merged 

with the near-EC edge of the continuous interface state density distribution having a U shape 

over the entire band gap. It can be seen that the DT distribution at the energy position deeper 

than EC – 0.3 eV disappeared after 500 oC annealing, which might have led to the reduction 

in the frequency dispersion and that in the plateau length of C–V curves. 

    With an increase in Mg ion dose, the C–V characteristics changed markedly. As shown 
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in Fig. 5(a), a marked frequency dispersion was observed. In addition, a long plateau was 

also observed in the negative bias region. Although the length of the plateau was decreased 

by 500 oC annealing during MOS diode fabrication as shown in Fig. 5(b), the severity of 

frequency dispersion was not diminished markedly. To investigate the frequency dispersion 

in detail, C–f measurement was carried out. The obtained characteristics are shown in Figs. 

6(a) and 6(b) for the 300-oC-annealed and 500-oC-annealed samples, respectively, which 

showed very similar characteristics. This type of frequency dispersion was caused by strong 

Fermi level pinning.  

There is a possibility that the observed Fermi level pinning was caused by the 

Al2O3/GaN interface states. To examine this possibility, the C–f characteristics were 

analyzed. The interface state conductance Gp/ω can be obtained as46) 

 

ீ೛
ఠ
ൌ

஼ೀ೉
మ ቀீ೘ ఠൗ ቁ

ቀீ೘ ఠൗ ቁ
మ
ାሺ஼ೀ೉ି஼೘ሻమ

,        (3) 

 

where ω is the angular frequency, Cm is the measured capacitance, and Gm is the measured 

conductance. The analysis results are shown in Figs. 7(a) and 7(b) for the 300-oC-annealed 

and 500-oC-annealed samples, respectively, which show that the frequency range where the 

conductance peak was detected was not affected by the annealing temperature. In these 

figures, the solid circles show experimental data, whereas the solid lines are fitted lines, 

assuming a single time constant τ, according to46) 

 

ீ೛
ఠ
ൌ ఠఛ

ଵାఠమఛమ
𝐶௜௧,         (4) 

 

where Cit is the interface state capacitance. The experimental data are well fitted by the 

single-time-constant model, which indicates that the interface states have single time 

constants. This seems to be unusual because, in a typical case, the time constants of the 

interface states cannot be determined singly and they distribute in a certain range. Dit was 

derived as46)  

 

𝐷௜௧ ൌ
஼೔೟
௤మ

,         (5) 

 

where q is the elementary charge. To obtain the DT distribution in the band gap, the bias 
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voltage V that varies the surface potential ψS was changed as indicated in Figs. 6 and 7. ψS 

corresponding to each V can be derived from the high-frequency-limit C–V curve, which 

leads to the determination of the energy position of the detected interface states. However, 

the high-frequency-limit C–V curve was not achieved in the present data. On the other hand, 

the energy ET of an electron trap is related to the electron emission time constant 

corresponding to τ as24, 28, 35) 

 

𝜏 ൌ ଵ

ఙ௩೟೓ே಴
𝑒𝑥𝑝 ቀா಴ିா೅

௞்
ቁ,        (6) 

 

where σ is the capture cross section of the interface state, vth is the thermal velocity of 

electrons, NC is the density of states at EC, k is the Boltzmann constant, and T is the 

temperature. Here, EC – ET was determined by solving Eq. (6) assuming σ to be 1×10–16 cm–

2 with reference to the previous results of the DLTS study of defect levels in GaN32).  

The DT distributions derived from Gp/ω peaks are shown in Fig. 8 for the two annealing 

temperatures considered. A very similar discrete level at around EC – ET = 0.25 eV was 

derived clearly for both annealing temperatures, which also means that the surface Fermi 

level was pinned at around EC – 0.25 eV by this level despite the large bias change. 

According to the disorder-induced-gap-state model that is a guiding principle concerning the 

origin of interface states, the DT distribution should have a U shape in the entire band gap47, 

48). However, a discrete level can be detected when high-density bulk defects exist in the 

vicinity of the semiconductor surface49, 50). Therefore, the detected discrete level should have 

been the bulk defect level. The same discussion can be applied to the DT distribution derived 

for the low-Mg-ion-dose sample as shown in Fig. 3. A similar defect level was previously 

reported to be observed at around EC – E = 0.25 eV28–30, 32–34, 36). According to the literature, 

this defect level can be assigned to the divacancy VGaVN
29, 30, 32, 34) that is an acceptor-like 

defect. Moreover, without the compensation for the Si donor in the GaN bulk, the 

capacitance at the deep depletion plateau of the C–V curves cannot be achieved by band 

bending with the surface Fermi level pinning at around EC – 0.25 eV. Therefore, the donor 

compensation by an acceptor defect should have been present inside the n-GaN layer or the 

acceptor defect should have distributed in the GaN bulk.   

 

3.2 Analysis using monoenergetic positron beam 

As described above, the C–V characteristics were highly likely affected by an acceptor-like 

defect independent of the dose and annealing conditions. Moreover, a possibility of the 
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generation of VGaVN was indicated. However, the assignment of defect by electrical 

measurement is indirect. To examine the acceptor-like vacancy defect directly, PAS was 

performed. The positron energy dependence of S is plotted for the low-Mg-ion-dose sample 

in Fig. 9(a) and the high-Mg-ion-dose sample in Fig. 9(b) with the variation in annealing 

temperature. In these figures, the mean implantation depth of positrons is also indicated at 

the top. DF GaN exhibits an S of 0.44137). The observed larger S values indicate the existence 

of vacancy defects in Mg-ion-implanted GaN. S increases monotonically toward the surface 

and with the dose. In Figs. 9(a) and 9(b), the solid lines are fitted curves with the S parameter 

profiles as indicated in Figs. 10(a) and 10(b), respectively. In Figs. 10(a) and 10(b), the depth 

profiles of [Mg] measured by SIMS are also shown. For fitting, the region probed by 

positrons was divided into three blocks. The first and second blocks are damaged regions, 

and the third block is the DF region. It can be seen that S is high in the region within 70 nm 

from the surface and is low in the deeper region of GaN. Note that the high S was observed 

in the near-surface region where the C–V characteristics of the MOS diodes are mainly 

affected. Independently of the dose, S decreases after 300 oC annealing and increases after 

additional 500 oC annealing, although it is highest in the as-implanted sample. 

    For the defect assignment, CDB measurement was performed. The obtained S–W plot 

for the low-Mg-ion-dose sample is shown in Fig. 11(a) and that for the high-Mg-ion-dose 

sample is shown in Fig. 11(b). In both figures, the brown DF data point was obtained for the 

unimplanted GaN39). In Figs. 11(a) and 11(b), the data for the as-implanted GaN and 300- 

and 500-oC-annealed samples are all along the broken line connecting the DF and VGaVN 

points. Therefore, VGaVN was detected mainly, without causing agglomeration in the 

temperature range considered for both Mg ion doses. The assignment of the EC – 0.25 eV 

defect level detected by electrical measurement to VGaVN seems to be reasonable considering 

these results. It can be seen that the (S, W) point after 300 oC annealing locates closer to the 

DF (S, W) point than that for the as-implanted GaN. After 500 oC annealing, however, the 

(S, W) point shifts slightly away from the DF (S, W) point. In Fig. 11(b) for the high-Mg-

ion-dose sample, each (S, W) point shifted toward the lower right compared with that in Fig. 

11(a) for the low-Mg-ion-dose sample. This difference should have resulted mainly from the 

increase in defect density with the dose. Note that for both Mg ion doses, the (S, W) point 

locates closer to the DF data point upon 300 oC annealing, indicating a decrease in the density 

of VGaVN.  

 

3.3 Possible diffusion of defects 
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The S parameter increased and decreased upon 300 oC and 500 oC annealing, respectively, 

independent of the Mg ion dose. In the following, we outline the mechanism of the observed 

phenomenon by considering the diffusion of simple defects.  

   The diffusion coefficient D is expressed as 

 

𝐷 ൌ 𝐷଴𝑒𝑥𝑝 ቀെ
ாಲ
௞்
ቁ,        (7) 

 

where D0 is the frequency factor and EA is the activation energy. Generally, EA is given by 

the sum of the migration barrier EM and formation energy of defects. However, EA is equal 

to EM when a nonequilibrium density of defects exists in GaN51), which applies to the present 

case for the implanted samples. According to previous reports51–56), there is a tendency in the 

magnitude order of EM of simple defects, including interstitial Mg (Mgi), in n-GaN to be VN 

> Mgi > VGa > Ni > Gai. On the other hand, in n-GaN, the ionized states of these defects are 

considered to be VN
+, Mgi

2+, VGa
2– or VGa

3–, Ni
 –, and Gai

2+ or Gai
+ 56, 57). Since VGaVN has a 

negative charge, Gai likely combines with VGaVN to reduce its density, whereas Ni seems to 

seldom combine because of the Coulomb repulsion. Since D0 has not been measured for 

each defect, a quantitative discussion is difficult. In the following, we will make a qualitative 

discussion.  

A change in defect concentration caused by diffusion can be discussed on the basis of 

the magnitude relation among EM of simple defects. In the present temperature range, it is 

difficult for VN to be mobile52), and VGaVN is also considered to be immobile on the basis of 

a previous PAS study38). Since Gai becomes mobile even at 300 oC55), some VGaVN defects 

should have been transformed into VN by Gai upon 300 oC annealing independent of the dose. 

It is likely that this phenomenon was observed by PAS as a decrease in S after 300 oC 

annealing, compared with that for the as-implanted GaN shown in Figs. 9 and 10. Moreover, 

there is a possibility that VGa cannot be mobile upon 300 oC annealing but can be mobile 

upon 500 oC annealing, which likely resulted in a situation where VGa and VN did not combine 

upon 300 oC annealing but combined to form VGaVN upon 500 oC annealing. This can be the 

reason why S increased upon 500 oC annealing. (EM of Mgi is higher than that of VGa. In 

addition, [Mg] should have been well below the concentrations of other defects on the basis 

of the SRIM results, as shown in Fig. 2, and the discussion in the next subsection. Therefore, 

we believe that the diffusion of Mgi can be ignored.)  

 

3.4 Electrical properties revisited 



  Template for JJAP Regular Papers (Jan. 2014) 

10 

The dose-dependent differences in C–V characteristics should have resulted from the 

difference in Fermi level pinning. The frequency dispersion observed for the sample with 

the dose of 1.5×1012 cm–2 was caused by strong Fermi level pinning. Usually, this degree of 

pinning is caused by DT larger than 5×1013 cm–2eV–1. The reason for this is shown in Figs. 

12(a) and 12(b), where dψS/V and CLF are calculated as functions of DT, respectively, 

according to46) 

 

ௗటೄ
ௗ௏

ൌ ቀ஼ವା௤
మ஽೅

஼ೀ೉
൅ 1ቁ

ିଵ
,        (8) 

 

and 

 

𝐶௅ி ൌ ቀ ଵ

஼ೀ೉
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ቁ
ିଵ

,       (9) 

 

where CD is the depletion capacitance and COX was assumed to be 2.5×10–7 F/cm2. When DT 

is larger than 5×1013 cm–2eV–1, dψS/dV becomes smaller than 30 meV independent of CD, 

and CLF becomes large close to COX also independent of CD, as shown in Figs. 12(a) and 

12(b), respectively. In Figs. 5(a) and 5(b), the measured C becomes closer to COX on the low 

frequency side. Actually, DT larger than this value was observed for the high-Mg-ion-dose 

sample as shown in Fig. 6. As has been shown in Fig. 3, the reduction in Mg ion dose led to 

a reduction in DT by more than one order, which resulted in the absence of strong Fermi level 

pinning.  

For both Mg-ion-dose samples, the defect level at around EC – 0.25 eV was detected. 

The DT of this defect was higher for the high-Mg-ion-dose sample than for the low-Mg-ion-

dose sample. Moreover, the high-Mg-ion-dose sample exhibited higher S parameters than 

the low-Mg-ion-dose sample, which indicated that the concentration of VGaVN, [VGaVN], was 

higher for the high-Mg-ion-dose sample. Therefore, it is reasonable to assign the defect level 

observed at around EC – 0.25 eV to VGaVN as in many DLTS studies29, 30, 32, 34).  

The difference in the magnitude of DT of VGaVN between the low- and high-Mg-ion-

dose samples in Figs. 4 and 8 was two orders despite the one-order difference in Mg ion 

dose. The reason for this can be explained as follows. On the basis of C–V characteristics, 

the depletion widths with EFS at EC – 0.25 eV were ~10 and ~100 nm for the low- and high-

Mg-ion-dose samples, respectively. Since DT for the bulk defect levels can be roughly given 

by the product of the depletion width and the defect concentration, the average [VGaVN] can 
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be estimated to be on the orders of 1017 and 1018 cm–3 for the low- and high-Mg-ion-dose 

samples, respectively.  

 

4. Conclusions 

By the combined use of the electrical measurement using MOS diodes and PAS, we 

investigated the low-temperature annealing behavior of defects in Mg-ion-implanted GaN. 

Mg ions were implanted into Si-doped (5×1017 cm–3) n-GaN at a dose of 1.5×1011 or 1.5×1012 

cm–2. The fabrication of MOS diodes included 300 oC annealing. An additional 500 oC 

annealing was examined. PAS was performed for the samples with the same annealing 

conditions and also for the as-implanted sample. Although the C–V characteristics changed 

depending on the Mg ion dose, the effects of an acceptor-like defect were indicated 

independent of the dose and annealing conditions. For the low-Mg-ion-dose sample, the DT 

distribution derived by the high-low-capacitance method contained a discrete level around 

EC – 0.25 eV. By applying the conductance method to the analysis of the C–f characteristics 

of the high-Mg-ion-dose sample that exhibited strong Fermi level pinning, the defect level 

around EC – 0.25 eV was detected more distinctly. Moreover, VGaVN was mainly detected by 

PAS independent of the annealing conditions and Mg ion dose. Therefore, the assignment of 

the detected defect level around EC – 0.25 eV to VGaVN is reasonable. The density of VGaVN 

was decreased by 300 oC annealing compared with that of the as-implanted GaN, whereas it 

was increased by an additional 500 oC annealing. We consider that the diffusion of Gai upon 

300 oC annealing and that of VGa upon 500 oC annealing might have decreased and increased 

the density of VGaVN, respectively.  
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Figure Captions 
Fig. 1. Schematic diagram of sample preparation sequence. 

 

Fig. 2. Calculated and measured profiles for [Mg], [VGa] and [VN].  

 

Fig. 3. C–V characteristics of MOS diodes with the Mg ion dose of 1.5×1011 cm–2 annealed 

at (a) 300 oC and (b) 500 oC [experimental data in (a) is taken from Fig. 5(a) in Phys. Status 

Solidi B 256, 1900367 (2019) with permission]. 

 

Fig. 4. DT distribution evaluated from C–V characteristics for MOS diodes with Mg ion dose 

of 1.5×1011 cm-2 annealed at 300 oC (solid circles) and 500 oC (solid rectangles).  

 

Fig. 5. C–V characteristics of MOS diodes with Mg ion dose of 1.5×1012 cm-2 annealed at 

(a) 300 oC and (b) 500 oC. 

 

Fig. 6. C–f characteristics of MOS diodes with Mg ion dose of 1.5×1012 cm-2 annealed at (a) 

300 oC and (b) 500 oC. A difference in color indicates a difference in bias voltage.  

 

Fig. 7. Gp/ω extracted from C–f characteristics versus ω for samples with Mg ion dose of 

1.5×1012 cm-2 annealed at (a) 300 oC and (b) 500 oC. A difference in color indicates a 

difference in bias voltage. Solid circles show experimental data, whereas solid lines are fitted 

lines according to single-time-constant model. 

 

Fig. 8. DT distribution evaluated from C–f characteristics for the samples with Mg ion dose 

of 1.5×1012 cm-2. 

 

Fig. 9. S as a function of incident positron energy for samples with Mg ion doses of (a) 

1.5×1011 cm-2 and (b) 1.5×1012 cm-2. Fine solid lines are fitting lines to the experimental data. 

 

Fig. 10. S depth profiles obtained from the analysis of the S–E curves for the samples with 

doses of (a) 1.5×1011 cm-2 and (b) 1.5×1012 cm-2. (The broken lines, the one-dot-chain lines, 

and the solid lines are for S for as-implanted, 300 oC-annealed, and 500 oC-annealed samples, 

respectively.) The depth profiles of the as-implanted Mg concentration measured by SIMS 

are also plotted by the solid circles.  
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Fig. 11. S–W relationship for samples with Mg ion doses of (a) 1.5×1011 cm-2 and (b) 

1.5×1012 cm-2. (S, W) values were measured at an incident positron energy of 5.1 keV. The 

brown DF data point indicates the result for the unimplanted GaN. The (S, W) values (blue) 

calculated using QMAS for positron annihilation in DF, VGa, VGa(VN)n (n = 1–4), (VGaVN)2, 

(VGaVN)3, and (VGa)2(VN)7, are also plotted. 

 

Fig. 12. DT dependences of (a) dψS/dV and (b) CLF calculated according to Eqs. (8) and (9), 

respectively.  
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 
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