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The effect of increasing the dosage on the electrical properties of Mg-ion-implanted GaN before 

activation annealing is investigated to obtain knowledge on the defect levels generated by ion 

implantation. To probe the near-surface region, GaN MOS structures with Al2O3 were used. 

Two kinds of MOS diodes with Mg-ion dosages of 1.5×1011 cm-2 and 1.5×1012 cm-2 implanted 

at 50 keV were prepared. Although anomalous capacitance–voltage (C–V) characteristics were 

observed for the low-dosage sample, they were improved by annealing at 600 oC for 3 h. 

However, for the high-dosage sample, more severe and persistent frequency dispersion was 

observed in the C–V characteristics, which was not improved by the same annealing. On the 

basis of the detailed analysis of capacitance–frequency (C–f) characteristics, it is concluded that 

the discrete interface trap at 0.2–0.3 eV below the conduction band was responsible for the 

frequency dispersion observed for the high-dosage sample. Combined with the results of deep-

level transient spectroscopy, it is highly likely that the bulk deep levels affected the C–V and 

C–f characteristics. The possibility that the dominant deep levels were changed by the increase 

in Mg-ion dosage is discussed.  
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1. Introduction 

GaN has a high electron saturation velocity and a high breakdown voltage and can form a 

heterostructure with other III-nitride alloys[1]. With these features, recent attention has focused 

on the application of GaN to power devices[2, 3], although this material was behind the revolution 

in the efficiency of light-emitting diodes and has contributed to energy conservation[4, 5]. A 

timely report on an excellent property of an Al2O3/GaN on GaN interface formed by atomic 

layer deposition (ALD) is available[6, 7] and enhanced the applicability of GaN being expanded 

to power devices, i.e., metal-oxide-semiconductor field effect transistors (MOSFETs). In 

particular, a vertical MOSFET is a useful power device for achieving a high breakdown voltage 

and a low on-resistance[3, 8–10]. To construct power devices, including vertical MOSFETs, ion 

implantation is a convenient method of obtaining a selectively doped region. Although the 

formation of the n-type region can be practically accomplished by Si-ion implantation, that of 

the p-type region has been difficult by ion implantation. Although the most promising method 

for implanting acceptors is Mg-ion implantation, satisfactory doping control of Mg acceptors 

is difficult to achieve.  

     Recently, attempts have been made to achieve sufficient activation of implanted Mg 

acceptors[11–18]. Commonly, activation is achieved by thermal annealing at a temperature higher 

than 1,200 oC or, more specifically, 1,230 oC[15, 16]. The activation ratio should be defined as the 

ratio of the hole concentration to the acceptor density. Owing to an activation energy as high as 

160 meV[19–21], the activation ratio decreases with increasing doping density of acceptors. Using 

symmetric multicycle rapid thermal annealing (SMRTA) in nitrogen overpressure, an activation 

ratio as high as 10%[14] has been achieved, which agrees with the theoretical limit. However, 

the highest activation ratio of 2.3%[18] achieved by conventional RTA is lower than the 

theoretical limit. In consideration of mass production, an efficient annealing method in an 

ordinary furnace must be established. For this purpose, defects generated by Mg-ion 

implantation should be investigated to find a control method.  

Ion implantation can generate vacancies of gallium VGa and nitrogen VN. The results of 

positron annihilation spectroscopy (PAS) in the study of Mg-ion-implanted GaN[22, 23] showed 

that the divacancy VGa–VN is mainly generated by implantation at room temperature and that 

the agglomeration to form larger vacancy clusters proceeds upon annealing at 1,000 oC. These 

vacancy clusters still existed even after annealing at 1,300 oC. Nevertheless, a new clue to 

control the defects generated by Mg-ion implantation might be found by applying low-

temperature annealing. Recently, it was reported that annealing at 800 oC for 3 min after Mg-

ion implantation reduced the density of the deep-level states in lightly Mg-ion-implanted 
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GaN[24]. A detailed deep-level transient spectroscopy (DLTS) study has been conducted to 

investigate the effect of low-temperature annealing for 1 min on defects generated by Mg-ion 

implantation at a low dosage[25]. Very recently, the effect of low-temperature annealing was also 

monitored using MOS diodes with Mg-ion implanted GaN for the case of relatively low dosage, 

to find that 500–700 oC annealing for 3 min was efficient to improve the electrical properties 

of ion-implanted GaN[26]. However, these electrical measurements were performed on low-

dosage GaN samples. The effect of increasing the dosage has not been investigated. In this work, 

we studied the effects of increasing the dosage on the electrical properties of MOS diodes with 

Mg-ion-implanted GaN before activation annealing.  

 

2. Experimental procedure 

In this work, GaN MOS structures with Al2O3 were used to investigate the near-surface region 

of Mg-ion-implanted GaN. The sequence of sample preparation is shown in Figure 1. A 3-μm-

thick n-type GaN layer (n = 5×1017 cm–3) was grown on a freestanding c-plane n+-GaN substrate 

(the dislocation density of the freestanding substrate was lower than 5.0×106 cm–2) by 

metalorganic vapor phase epitaxy. Mg-ion implantation was carried out with an energy of 50 

keV and an angle of 7o at room temperature. A sample with a dosage of 1.5×1011 cm–2 and 

another with a dosage of 1.5×1012 cm–2 were prepared. Figure 2 is a plot of the Mg density 

profile obtained by the TRIM simulation in the full cascade calculation mode with displacement 

energies of 28 eV and 25 eV for N and Ga, respectively. For samples with long-term 600 oC 

annealing, a 20-nm-thick Al2O3 layer was deposited by ALD at 300 oC using H2O and 

trimethylaluminum, followed by annealing at 600 oC for 3 h in nitrogen flow and subsequent 

removal of the Al2O3 layer using a solution of HF:NH4F = 1:5. A MOS diode structure was 

fabricated by depositing 30-nm-thick ALD Al2O3 and forming Ni/Au top electrodes and a Ti/Au 

back ohmic contact. After completion of the MOS diodes, post-metallization annealing (PMA) 

was carried out to reduce the density of interface states at the Al2O3/GaN interface. For 

comparison, samples without long-term 600 oC annealing and a sample with as-grown GaN 

without Mg-ion implantation were also prepared.  

     The capacitance–voltage (C–V) and capacitance–frequency (C–f) measurements at 

frequencies ranging from 1 kHz to 1 MHz and the current density–voltage (J–V) measurement 

were performed at room temperature. The bias sweep rate in the C–V measurement was 50 

mV/s. DLTS was also carried out in the temperature range of 40–560 K for the same MOS 

diodes. Since the dosage of Mg ions is relatively low here, there is a possibility that popular 

structural and chemical analysis methods such as atomic force microscopy, X-ray diffraction, 
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and X-ray photoelectron spectroscopy may not reveal the effect of Mg-ion implantation. 

Nevertheless, electrical measurements make it possible to investigate the effect of low-dosage 

Mg-ion implantation in GaN. Therefore, we concentrated on the electrical measurements. An 

investigation of a sample with a much higher dosage is beyond the scope of this paper.  

      

3. Results and discussion 

3.1. J–V and C–V characteristics 

The measured J–V characteristics are summarized and compared in Figure 3 for all of the 

fabricated MOS diodes. Relatively low J was obtained in the entire applied voltage range for 

each sample. This result indicates that every MOS diode can be used for the C–V measurement 

without any adverse effect of the leakage current. Lower J for the high-dosage samples in the 

plus bias region may result from deep depletion, while higher J for the as-grown and the low-

dosage samples may indicate the achievement of surface accumulation in the same bias region. 

These expectations were confirmed by the C–V measurement as described in the following.  

Figure 4(a) shows the C–V characteristics measured for the MOS diode with as-grown 

GaN without Mg-ion implantation. The C–V curves almost overlap the ideal one assuming no 

interface states. In addition, the frequency dispersion and the hysteresis are negligible. This 

result indicates that the interface state density was extremely low at the Al2O3/GaN interface 

and that bulk deep levels with concentrations sufficient to affect the C–V characteristics did not 

exist in the as-grown GaN epitaxial layer. Figure 4(b) shows the C–f characteristics measured 

for the same sample. As is expected from the C–V characteristics, flat capacitance curves can 

be seen. These results are starting points for investigating the C–V and C–f characteristics.   

The C–V characteristics measured for the sample with the lower dosage are shown in 

Figure 5, where the ideal curve is the theoretical curve assuming no interface states for the 

MOS diode with the as-grown GaN without Mg-ion implantation. Without long-term 600 oC 

annealing, the C–V curves show anomalous shapes compared with the ideal curve, as shown in 

Figure 5(a). The plateau region and anomalously steep region indicate the existence of an 

acceptor-type discrete state in the band gap, as discussed in detail in the previous work[24, 26]. 

Note that the anomalous behavior was much improved by long-term 600 oC annealing, as shown 

in Figure 5(b), where the hysteresis and frequency dispersion are minimized without showing 

a plateau region. This result shows that the dominant defect level was greatly reduced by long-

term 600 oC annealing. In the previous work[26], although annealing at 400 oC for 3 min was 

applied to the low-dosage sample made by the same process sequence including ALD and the 

removal of Al2O3, the C–V characteristics were not improved. Therefore, ALD and the removal 
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of Al2O3 before and after long-term 600 oC annealing of the present sample do not improve the 

discrete state. 

    The C–V characteristics were changed by increasing the dosage by one order and the effect 

of annealing was less marked for the high-dosage sample. Figure 6(a) shows the C–V 

characteristics for the high-dosage sample without long-term 600 oC annealing. Severe 

frequency dispersion can be seen in the relatively high frequency range of 1 kHz to 1 MHz. 

This behavior was not significantly improved by long-term 600 oC annealing, as shown in 

Figure 6(b). The difference between the capacitances measured at 100 kHz and 1 MHz is the 

widest among the measured frequencies, which suggests the existence of a deep level at an 

energy level near the conduction band edge EC. On the other hand, the considerable hysteresis 

in both Figure 6(a) and 6(b) indicates the existence of another deep level with a longer time 

constant or a deeper energy position. Although we have not performed higher temperature 

annealing, we consider it a future work. 

   As was discussed in the previous work[26], the C–V characteristics for the low-dosage samples 

can be explained by the existence of a deep level at EC – 0.7 eV. However, this energy level has 

a time constant τ of 8.6 – 860 s if we assume the capture cross section σ to be 1×10–17 – 1×10–

15 cm2 in the equation given by[25, 27, 28] 

 

𝜏 ൌ ଵ

ఙ௩೟೓ே಴
𝑒𝑥𝑝 ቀா಴ିா೅

௞்
ቁ,       (1) 

 

where vth is the electron thermal velocity, NC is the effective density of states at the conduction 

band bottom, ET is the energy of the deep level, k is the Boltzmann constant, and T is the 

temperature. Therefore, the existence of the deep level at EC – 0.7 eV cannot explain the 

observed frequency dispersion for the high-dosage sample, although it well explains the 

behavior of the hysteresis for both samples. This implies the existence of a shallower deep level 

in the high dosage sample. Nevertheless, there is also a possibility that the interface states 

caused the frequency dispersion. To distinguish this, C–f measurement was carried out as 

described in the following subsection. 

 

3.2. Analysis of C–f characteristics 

The C–f characteristics measured for the high-dosage sample without long-term 600 oC 

annealing are shown in Figure 7(a). It can be seen that the frequency dependent C–f curve shifts 

with the bias. However, the relaxation frequency of each C–f curve with the conductance, G/ω, 

peak seems to saturate as the bias voltage increases. As shown in Figure 5(b), a slight change 
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in the C–f characteristics was observed for the high-dosage sample with long-term 600 oC 

annealing. Nevertheless, the behavior of the relaxation frequency is similar to the case without 

long-term 600 oC annealing, indicating saturation with increasing bias.  

     The observed frequency dispersion is likely caused by interface traps. To investigate the time 

constant of the interface traps, let us transform the equivalent circuit for measured data to that 

for the physical model of the MOS diode. Figure 8(a) shows the equivalent circuit used in the 

C–V and C–f measurements consisting of the measured capacitance Cm and conductance Gm, 

while Figure 8(b) indicates that for the physical model of a MOS diode with oxide capacitance 

COX, depletion layer capacitance CD, and the interface trap admittance consisting of frequency 

dependent capacitance Cp and frequency dependent conductance Gp. Here, Cp and Gp can be 

calculated by[29–31]  

 

𝐶௣ ൌ
൜ሺ஼ೀ೉ି஼೘ሻ஼೘ିቀ

ீ೘ ఠൗ ቁ
మ
ൠ஼ೀ೉

ቀீ೘ ఠൗ ቁ
మ
ାሺ஼ೀ೉ି஼೘ሻమ

െ 𝐶஽       (2) 

 

and 

 

ீ೛
ఠ
ൌ

஼ೀ೉
మ ቀீ೘ ఠൗ ቁ

ቀீ೘ ఠൗ ቁ
మ
ାሺ஼ೀ೉ି஼೘ሻమ

.        (3) 

 

According to the results of the calculation using these equations, Gp/ω–Cp diagrams, referred 

to as “Cole–Cole diagrams”[32, 33] are plotted in Figure 9 where the solid circles indicate the 

experimental data and solid lines indicate fitting lines assuming a single time constant. If the 

time constant of the interface traps is single, the equivalent circuit for the interface trap 

admittance can be drawn by a series connection of a frequency independent capacitance, Cit, 

and a frequency independent resistance, Rit, both of which are constants. For this case, Cp and 

Gp/ω can be given by 

 

𝐶௣ ൌ
ଵ

ଵାఠమఛమ
𝐶௜௧         (4) 

 

and 

 

ீ೛
ఠ
ൌ ఠఛ

ଵାఠమఛమ
𝐶௜௧,         (5) 
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where τ = CitRit. These equations indicate that a Gp/ω–Cp diagram should be a semicircle, as 

given by  

 

ቀ𝐶௣ െ
஼೔೟
ଶ
ቁ
ଶ
൅ ቀ

ீ೛
ఠ
ቁ
ଶ
ൌ ቀ஼೔೟

ଶ
ቁ
ଶ
.       (6) 

 

In Figure 9, the fitting lines are semicircles calculated using Equation (6). It can be seen that 

the experimental data are well fitted to the calculated semicircles, especially for the high-dosage 

sample without long-term 600 oC annealing. Generally, Cole–Cole diagrams for the interface 

trap admittance of MOS diodes have distorted shapes far from a semicircle because of the 

distribution of the time constant resulting from the continuous distribution of the interface 

traps[33]. Therefore, it is highly likely that each measured interface trap admittance mainly 

results from a discrete deep level with a single time constant. The discrepancy from the 

semicircles at the right side, that is, the low-frequency side, indicates the existence of deeper 

levels, although further investigation is limited by the low-frequency limit of the measurement 

system. Cit and τ can be obtained by fitting the experimental Gp/ω–f plot to Equation (5), which 

leads to the extraction of interface trap density Dit as[31]  

 

𝐷௜௧ ൌ
஼೔೟
௤మ

.          (7) 

 

The experimentally extracted Gp/ω–f plots are shown in Figure 10(a) for the high-dosage 

sample without 600 oC annealing and in Figure 10(b) for the high-dosage sample with 600 oC 

annealing. In these figures, the experimental data (solid circles) are well fitted to the theoretical 

curves calculated by Equation (5). The energy position of the interface traps can be obtained 

from τ at the peak frequency using Equation (1). If we assume σ to be 1×10–17 cm2, 1×10–16 cm2, 

and 1×10–15 cm2, we can plot Dit as a function of the energy position, as shown in Figure 11. 

The extracted Dit distribution clearly indicates the existence of a discrete trap around EC – E = 

0.2 – 0.3 eV. This type of Dit distribution is unusual. According to the disorder-induced gap 

state model[34, 35], interface disorder is the origin of the interface states with a U-shaped 

continuous Dit distribution consisting of the tails from the conduction and valence bands 

resulting from the incomplete separation of these bands. Actually, U-shaped Dit distribution has 

been measured for insulator/GaN interfaces[6]. Therefore, the detected discrete interface trap 

should have resulted from the bulk deep level generated by Mg-ion implantation in GaN. 
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3.3. Investigation of bulk deep levels 

To confirm the existence of the bulk deep levels, DLTS was performed for the fabricated MOS 

diodes without 600 oC annealing. The applied reverse voltage and the maximum voltage during 

the filling pulse were –10 V and 1 V for the as-grown sample, –5 V and –2 V for the low-dosage 

sample, and 0 V and 2 V for the high-dosage sample, respectively. For the GaN-on-GaN MOS 

diode with ALD Al2O3 treated by PMA, the stress-dependent flat band voltage shift was 

reported to be negligible, even after bias stress at 5 V, in Ref. 6. Considering the maximum 

voltage during the filling pulse was 2 V here, the flat band voltage shift should have been 

negligible. The obtained DLTS signals are shown in Figure 12(a) for the low-dosage sample 

and in Figure 12(b) for the high-dosage sample. It can be seen that the increase in dosage led to 

an increase in the signal intensity of level A. Level B was detected for the low-dosage sample, 

while level C was detected for the high-dosage sample. Arrhenius plots are summarized in 

Figure 13 where the result for the as-grown n-GaN layer without implantation is also shown 

and the dashed lines were taken from the previous reports as reference data. Level A was either 

undetected or under the detection limit for the as-grown sample. The level detected for the as-

grown sample can be identified as E3 in Ref. 36. Deep level B at EC – 0.83 eV with σ of 1.8×10–

15 cm2 detected for the low-dosage sample is clearly different from the E3 level detected for the 

as-grown sample, indicating that another level was generated by Mg-ion implantation. This 

result is in good agreement with the previous report[25]. In addition, this energy level is close to 

that derived by the simulation of C–V characteristics of the low-dosage sample in the previous 

works[24, 26]. The energy position and σ of level A were EC – 0.18 eV and 4.5×10–17 cm2 for the 

low-dosage sample, while they were EC – 0.19 eV and 8.0×10–17 cm2 for the high-dosage sample, 

respectively. On the basis of the Arrhenius plot, this level is probably the E1 level in Ref. 36 

rather than VN
[37]. The Arrhenius plot of deep level C at EC – 0.51 eV with σ of 4.8×10–17 cm2 

is close to the E3 level, which may be identified as E3. However, since σ of deep level C is 

much smaller than that of E3 (1.1×10–15 cm2), the possibility that level C was generated by Mg-

ion implantation cannot be denied.  

    For the high-dosage sample, the deep level at EC – 0.2 to EC – 0.3 eV was derived from the 

C–f measurement. As the dosage increased, the dominance of this deep level became more 

marked in the C–f characteristics, while the DLTS signal of deep level A became more intense. 

Therefore, the discrete level detected by the C–f measurement is likely to be identified as level 

A. The origin of level A can be assigned to the divacancy VGa–VN
[36, 38–40]. According to the PAS 

results, the divacancy is the dominant defect in as-implanted GaN, which is in good agreement 
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with the present result for the high-dosage sample. On the other hand, for the low-dosage 

sample, the dominant deep level, B, was detected at EC – 0.83 eV, which is also in good 

agreement with the previous reports[24–26]. In Ref. 26, a possible mechanism was discussed, in 

which VGa and VN exist separately in the low-dosage sample, while the divacancy is mainly 

formed in a sample with a higher dosage. However, the Arrhenius plots in Figure 13 indicate 

that level B detected for the low-dosage sample is different from E3 that can be assigned to the 

nitrogen antisite NGa or VGa
[36, 40, 41]. Therefore, level B should be assigned to a deeper level, 

e.g., nitrogen interstitial Ni acceptor[41]. It is reported that Ni is annealed at 400 oC[42], which 

does not contradict the present result. Therefore there is the possibility that the dominant defect 

changed depending on the dosage. 

 

4. Conclusions 

The effect of the dosage on the electrical properties of Mg-ion-implanted GaN was investigated 

using MOS diodes to obtain knowledge on the defect levels generated by ion implantation. 

Although anomalous C–V characteristics were observed for the low-dosage (1.5×1011 cm–2) 

sample, they were improved by 600 oC annealing for 3 h. However, for the high-dosage 

(1.5×1012 cm–2) sample, more sever and persistent frequency dispersion was observed in the C–

V characteristics, which was not improved by the same annealing. On the basis of the detailed 

analysis of C–f characteristics, a discrete level with a single time constant was detected. 

Considering the possible range of the capture cross section, it was concluded that the discrete 

interface traps at 0.2–0.3 eV below EC were responsible for the frequency dispersion observed 

for the high-dosage sample. Combined with the results of DLTS, it is highly likely that the bulk 

deep level affected the C–V and C–f characteristics because a similar deep level was detected. 

In addition, a deep level at EC – 0.83 eV, generated by Mg-ion implantation, was detected for 

the low-dosage sample. This energy level is close to that derived by the simulation of the C–V 

characteristics of the low-dosage sample in the previous works[24, 26]. Although this deep level 

was not detected for the high-dosage sample, a deep level at EC – 0.51 eV was detected. The 

origin of the detected deep levels was discussed.  
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Figure 1. Fabrication sequence for tested GaN MOS diodes. 

 

 

 

 

Figure 2. TRIM simulation results of Mg concentration in GaN for two cases of Mg-ion 

implantation with different dosages. 
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Figure 3. Summary of J–V characteristics measured for all samples. 
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Figure 4. (a) C–V and (b) C–f characteristics for the MOS diode with as-grown GaN without 

Mg-ion implantation.  
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Figure 5. C–V characteristics for the low-dosage sample: (a) without and (b) with 600 oC 

annealing.  
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Figure 6. C–V characteristics for the high-dosage sample: (a) without and (b) with 600 oC 

annealing.  
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Figure 7. C–f characteristics for the higher dosage sample: (a) without and (b) with 600 oC 

annealing.  
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Figure 8. Equivalent circuits. (a) Circuit for measurement data. (b) Circuit for physical model 

of MOS diode including interface trap admittance.  
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Figure 9. Cole–Cole diagrams for the high-dosage sample: (a) without and (b) with 600 oC 

annealing. The solid lines are fitting lines using Equation (6). 
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Figure 10. Calculated Gp/ω for the high-dosage sample: (a) without and (b) with 600 oC 

annealing. The solid lines are fitting lines using Equation (5). 
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Figure 11. Calculated Dit distributions for the high-dosage sample with three different σ: (a) 

without and (b) with 600 oC annealing.  
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Figure 12. DLTS signals obtained for (a) the low-dosage sample and (b) the high-dosage 

sample. 
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Figure 13. Arrhenius plots of detected deep levels. 
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