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The encapsulant-dependent effects of long-term low-temperature annealing on defects in 

Mg-ion-implanted GaN have been investigated using metal-oxide-semiconductor (MOS) 

diodes. Annealing was carried out at 600 ℃ under nitrogen flow without or with a cap layer 

of Al2O3, SiO2, or SiN. For annealing at 600 ℃ for 3 h, the capacitance–voltage 

characteristics of the Al2O3 cap annealed samples indicated the existence of acceptor-like 

defects, whereas those of the capless, SiO2 cap and SiN cap annealed samples exhibited 

bumps, which indicated the existence of donor-like defect level at around 0.8 eV from the 

conduction band edge EC. A more distinct result was obtained for annealing at 600 ℃ for 30 

h. Namely, annealing of samples with the Al2O3 cap layer induced an acceptor-like defect 

level at EC – 0.9 eV, whereas that with the SiN cap layer induced a donor-like defect level at 

EC – 0.8 eV. Secondary ion mass spectroscopy and transmission electron microscopy studies 

revealed that interstitial Ga (Gai) in Mg-implanted GaN diffused into the Al2O3 cap layer but 

not into the SiN cap layer after annealing. Most possibly, the detected EC – 0.8 eV level can 

be assigned to interstitial Gai.  
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INTRODUCTION 

GaN is a promising material for achieving high-efficiency high-power electronic devices [1–

3] because of its wide band gap [3], high breakdown field [4], high electron mobility [3], 

and high saturation electron velocity [5]. Compared with other widegap semiconductors, a 

notable advantage of this material is availability of constructing heterostructures with 

various nitride alloys, i.e., AlGaN, InAlN, InGaN, and InAlGaN, which expands the 

flexibility of the device design [6–9]. Furthermore, insulator/GaN interfaces can be 

controlled to minimize interface states [10–13], which enables us to realize power metal-

oxide-semiconductor (MOS) field-effect transistors (FETs) using GaN as a channel material. 

In the fabrication of power devices, ion implantation is a convenient method for selective 

doping. For GaN, however, ion implantation for forming p-type doping regions is 

challenging. Although Mg ion implantation is considered the most promising way, it has 

been generally difficult to obtain a high activation ratio. Recently, however, successful 

formation of p-type regions in GaN by Mg ion implantation has been reported [14–22]. In 

particular, ultra-high-pressure annealing (UHPA) of Mg-ion-implanted GaN under 1 GPa 

nitrogen at 1400 ℃ has been reported to realize a high activation ratio through the reduction 

of N-vacancy (VN)-related defects [22]. This technique is a breakthrough for Mg-ion 

implantation of GaN. On the other hand, however, developing an activation annealing 

method in a conventional furnace using atmospheric-pressure nitrogen flow is also important. 

For this purpose, a low-temperature annealing method for controlling defects generated by 

Mg ion implantation should be established, which requires a study on defect levels in Mg-

ion-implanted GaN.  

The control of defects in Mg-ion-implanted GaN may be possible by annealing at a 

temperature much lower than that necessary for Mg activation. The effects of low-

temperature annealing on defects in Mg-ion-implanted GaN have been studied in detail by 

deep-level transient spectroscopy (DLTS) using Schottky barrier diodes [23] and 

capacitance–voltage (C–V) methods using MOS diodes [24–28]. On the basis of a DLTS 

study, several defect levels at 0.2 – 1.0 eV from the conduction band edge EC were detected 

and found to vary depending on the annealing temperature up to 1000 ℃ [23]. Moreover, 

the C–V method for the MOS diodes revealed an acceptor-like defect level located at 0.7 – 

0.8 eV from EC for Mg implantation at 50 keV and a dose of 1.5×1011 cm–2 and that located 

at 0.2 – 0.3 eV from EC at a higher Mg dose of 1.5×1012 cm–2 [24–27]. The origin of the 

former level is likely to be interstitial N (Ni) [26], whereas that of the latter level was found 

to be the divacancies of Ga and N (VGaVN), as determined by the combination of the C–V 



   

3 

method and positron annihilation spectroscopy (PAS) [28]. However, it was also found that 

VGaVN was the dominant vacancy defect under the as-implanted condition and even after 

low-temperature annealing, independent of dose [28, 29]. Nevertheless, a sample with an 

Al2O3 cap layer with annealing at 600 ℃ for 3 min was found to show improved C–V 

characteristics of the MOS diode with Mg-ion-implanted GaN at a Mg dose of 1.5×1011 cm–

3 compared with a sample without 600 ℃ annealing [25]. Furthermore, an extension of the 

annealing duration led to further improvement of the C–V characteristics of the MOS diode 

with the same structure. Namely, annealing of a sample with the Al2O3 cap layer at 600 ℃ 

for 3 h further improved the C–V characteristics [26]. Since VGaVN was reported to persist 

for annealing at a temperature as high as 1000 ℃ [29], the behavior of Ni seems to be related 

to the observed improvement of the C–V characteristics.  

Vacancy defects might be eliminated by combining them with interstitial defects. 

However, there has been no report on the control of interstitial defects in Mg-ion-implanted 

GaN to the best of our knowledge. In particular, when VGa is occupied by interstitial Mg 

(Mgi) to form Mg in a Ga site (MgGa), interstitial Ga (Gai) should remain. Therefore, the 

control of Gai and Ni seems to be important for realizing high performance of completed p-

type GaN. To realize this goal, we should understand the behavior of these interstitial defects 

upon low-temperature annealing. 

There is possibility that defects in Mg-ion-implanted GaN may be affected by the 

encapsulant or cap layer material used for a sample during annealing. If it is possible to 

control the density of target defects in Mg-ion-implanted GaN by low-temperature cap 

annealing prior to high-temperature annealing, a method for the highly efficient activation 

of implanted Mg atoms may be developed. For example, pulling out Gai by its diffusion from 

Mg-ion-implanted GaN into a cap layer during low-temperature annealing may promote 

coupling between Mgi and VGa to form MgGa instead of coupling between Gai and VGa. 

Therefore, it is worthwhile to study the effects of the cap layer material used during low-

temperature annealing on the electrical characteristics of Mg-ion-implanted GaN.  

We report here that the encapsulant material during long-term low-temperature 

annealing affects the behavior of interstitial defects in Mg-ion implanted GaN. MOS diodes 

used for the investigation of the near-surface region in GaN were fabricated and tested after 

long-term low-temperature annealing of Mg-ion-implanted GaN using various encapsulants. 

Basically, many types of point defect can exist in Mg-implanted GaN. However, if defects 

of one type diffuse toward the GaN surface upon annealing and reach a high density at the 

surface, the resultant defect distribution considerably affects the electrical characteristics of 
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the MOS diodes. Therefore, we can detect a deep level originating from defects with high 

diffusivity, which may lead to the determination of the encapsulant-dependent difference in 

the behavior of the defects upon annealing.  

 

EXPERIMENTAL METHODS 

The sample fabrication sequence is shown in Fig. 1. A 3-μm-thick Si-doped Wurtzite GaN 

epitaxial layer with a carrier concentration of 5×1017 cm–3 was grown by metalorganic vapor 

phase epitaxy (MOVPE) on a free-standing n+-GaN (0001) substrate via an n+-GaN buffer 

layer. Mg ions were implanted at room temperature at an energy of 50 keV and a dose of 

1.5×1011 cm–2. The resultant depth profiles of Mg and Si concentrations, [Mg] and [Si], 

respectively, analyzed by secondary ion mass spectroscopy (SIMS) are shown in Fig. 2. It 

can be seen that [Mg] is well below [Si]. Therefore, we can expect that the n-type conduction 

in GaN remain in the implanted samples. For SIMS and transmission electron microscopy 

(TEM) measurements, a sample with a high Mg dose of 1.5×1012 cm–2 was also prepared. 

After the Mg ion implantation, low-temperature annealing was carried out at 600 ℃ for 3 h 

or 30 h under nitrogen flow without or with a cap layer of Al2O3, SiO2, or SiN. Al2O3 was 

formed by atomic layer deposition (ALD) at 300 ℃ using trimethylaluminum and H2O, 

whereas SiO2 and SiN were deposited by RF sputtering at room temperature. After annealing, 

the cap layers were removed with a solution of HF:H2O = 1:1. Subsequently, a new Al2O3 

insulating layer of 30 nm thickness prepared by ALD, Ni/Au top electrodes, and a Ti/Au 

back ohmic contact were formed to complete a MOS diode. Finally, postmetallization 

annealing (PMA) was carried out at 300 ℃ for 3 h in air to minimize the interface state 

density [6, 7]. A MOS structure enables the study of the near-surface region, which is 

difficult for Schottky barrier diodes. Therefore, in this work, electrical properties of the Mg-

ion-implanted GaN were studied by C–V measurement of the fabricated MOS diodes.  

 

RESULTS AND DISCUSSION 

The C–V characteristics of the samples annealed at 600 ℃ for 3 h are summarized in Fig. 3 

for various encapsulants used during annealing. Here, the flat band voltage of the ideal curve 

was adjusted to coincide with that of the C–V curves of a control sample, i.e., an n-GaN 

MOS diode fabricated without Mg ion implantation or 600 ℃ annealing. An anomalously 

steep region of the C–V curves of the Al2O3 cap annealed sample appeared on the positive 

bias side of the ideal curve, as shown in Fig. 3(a). This indicates that an acceptor-like defect 

level was dominant in the GaN bulk. However, the C–V curves of all other samples exhibited 
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bumps, as shown in Figs. 3(b)–(d), which may have been caused by electron traps localized 

in the vicinity of the GaN surface. All bumps were seen only in the C–V curves with the 

capture bias sweep from the negative voltage to the positive voltage. This was because the 

capture of an electron by an electron trap was much faster than the emission of an electron 

as follows, where the time constant τE for the electron emission from an electron trap at 

energy ET is given by [23, 30–32] 

 

𝜏ா ൌ
ଵ

ఙ௩೟೓ே಴
𝑒𝑥𝑝 ቀ

ா಴ିா೅
௞்

ቁ,        (1) 

 

where σ is the capture cross section of the electron trap, vth is the thermal velocity of electrons, 

NC is the effective density of states in EC, k is the Boltzmann constant, and T is the 

temperature. On the other hand, the electron capture time constant τC is given by [30, 33, 34] 

 

𝜏஼ ൌ
ଵ

ఙ௩೟೓௡
,         (2) 

 

where n is the volume density of carrier electrons. Under band bending, n at the surface 

becomes smaller than that in the bulk because of carrier depletion. Since the carrier 

concentration nS at the GaN surface is expressed as a function of the surface Fermi level EFS 

as  

 

𝑛ௌ ൌ 𝑁஼𝑒𝑥𝑝 ቀെ
ா಴ିாಷೄ
௞்

ቁ,        (3) 

 

the electron capture time constant τCS at the GaN surface is given by 

 

𝜏஼ௌ ൌ
ଵ

ఙ௩೟೓ே಴
𝑒𝑥𝑝 ቀ

ா಴ିாಷೄ
௞்

ቁ.        (4) 

 

This is the maximum value of τC for the electron traps in the vicinity of the surface. At the 

topmost surface, τC = τCS. However, even at a shallow point inside the bulk, τC < τCS. The 

calculation results of τE or τCS are plotted as a function of EC – ET or EC – EFS, respectively, 

in Fig. 4 for various σ values. In the C–V measurement, the bias voltage was changed in steps 

of 50 mV at 1 s intervals. As shown by the calculation results in Fig. 4, τE becomes much 

larger than 1 s when EC – ET is larger than 0.7 eV. In this case, a C–V curve for the emission 

bias sweep from the positive voltage to the negative voltage does not show a bump because 
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the electron emission does not follow the bias sweep. Although τE is constant independent 

of EFS, τCS varies exponentially depending on EFS. Therefore, the measured C–V curves with 

a bump for the capture bias sweep may indicate the existence of a defect level deeper than 

0.7 eV. Moreover, bumps appeared on the negative bias side of the ideal curves shown in 

Figs. 3(b)–(d), which indicated that the charge of the defect level localized in the vicinity of 

the GaN surface was positive when unoccupied and neutral when occupied. Therefore, the 

dominant defect level was the donor-like level for the capless, SiO2 cap and SiN cap annealed 

samples.  

The electron trap density DT distribution was derived from the measured 1 MHz C–V 

curve for each sample, using the high-frequency method [35]. The derived DT distributions 

for samples annealed for 3 h are shown in Fig. 5 for the samples (a) with a SiO2 cap layer, 

(b) without a cap layer, and (c) with a SiN cap layer. Note that no DT distribution for the 3-

h-Al2O3-cap-annealed sample was detected because the measured C–V curve was steeper 

than the ideal one at the shallow depletion region. This might be due to the acceptor-like 

defect levels related to VGaVN [28] and Ni. Discrete levels corresponding to the bumps in the 

C–V curves can be seen at 0.7 – 0.8 eV from the conduction band edge EC. According to the 

disorder-induced gap state model [36, 37], which is a guiding principle for interface states, 

the interface state distribution at the insulator–semiconductor interface should be U-shaped 

over the entire band gap. Actually, U-shaped interface state distributions have been reported 

for GaN MOS structures [38, 39]. However, when specific high-density bulk defects exist 

near the interface, a discrete defect level can be observed [40, 41]. Therefore, the detected 

discrete levels in Figs. 5(a), (b), and (c) likely originated from the bulk defects in the vicinity 

of the GaN surface. In Fig. 3, the encapsulant-dependent magnitude order of the hysteresis 

due to the bumps is SiN cap layer > no cap layer > SiO2 cap layer among the samples with 

the donor-like defect level. Actually, the density of defect levels was in the same order among 

these samples.  

As shown in Fig. 3, the SiN cap annealed sample showed the largest bump in the C–V 

curves, whereas the Al2O3 cap annealed sample showed no distinct bump despite the 

opposite shift of the C–V curves. For the Al2O3 cap annealed sample, the extension of the 

annealing duration from 3 min to 3 h at 600 ℃ slightly improved the C–V characteristics; 

thus, we extended the duration further, expecting a further improvement. However, the 

obtained result was unexpected. By applying longer-term annealing for 30 h to these 

extremes, we obtained the C–V characteristics shown in Fig. 6(a) for the sample with the 

Al2O3 cap layer and Fig. 6(b) for the sample with the SiN cap layer. Bumps appeared in the 
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C–V curves for the capture, or negative-to-positive, bias sweep even for the Al2O3 cap 

annealed sample. A distinct difference dependent on the encapsulant can be seen between 

these samples, i.e., the bumps in the C–V curves appeared on the opposite sides of the ideal 

curve. The bump in the C–V curves of the Al2O3-cap-layer sample appeared on the positive 

bias side of the ideal curve, indicating that the defect level is an acceptor-like state. However, 

the bump in the C–V curves of the sample with the SiN cap layer appeared on the negative 

bias side of the ideal curve, indicating that the defect level is a donor-like state. 

    To estimate the energy of the defect level, DT distributions were derived from the 

measured 1 MHz C–V curves of the 30-h annealed samples. The results are shown in Fig. 7. 

It can be seen that DT distributions of both samples contained discrete levels. The locations 

of the detected discrete level in the band gap were EC – 0.9 eV and EC – 0.8 eV for the Al2O3-

cap-layer sample and the SiN-cap-layer sample, respectively. As described above, these 

discrete levels are considered the defect levels in the GaN bulk. Considering the behavior of 

the C–V curves, the EC – 0.9 eV level detected for the Al2O3-cap-layer sample should have 

been an acceptor-like level, whereas the EC – 0.8 eV level detected for the SiN-cap-layer 

sample should have been a donor-like level. According to previous reports [42–44], the 

acceptor-like level at EC – 0.9 eV and the donor-like level at EC – 0.8 eV might be assigned 

to Ni and Gai, respectively.  

The difference between the observed defect levels likely resulted from the diffusion of 

defects. The diffusion coefficient D is given by  

 

𝐷 ൌ 𝐷଴𝑒𝑥𝑝 ቀെ
ாಲ
௞்
ቁ,        (5) 

 

where D0 is the frequency factor and EA is the activation energy. Although EA is generally 

given by the sum of the migration barrier EM and formation energy of defects, it is equal to 

EM in Mg-ion-implanted GaN, where a nonequilibrium density of defects exists, as discussed 

in our previous report [28]. According to a previous report [45], the magnitude order of EM 

of simple defects in n-GaN tended to be VN > VGa > Ni > Gai. Therefore, the migration of Gai 

and Ni may have played a key role. Although the parameters of diffusion of defects from 

GaN into Al2O3, SiO2, and SiN layers have not yet been reported, there is a possibility that 

Gai diffused into the Al2O3 cap layer during long-term 600 ℃ annealing with Ni remaining 

in GaN, whereas the diffusion of Gai was blocked by the SiN cap layer, resulting in the pile 

up of Gai at the interface.  

To investigate the diffusion of Ga atoms, SIMS was carried out. Figure 8(a) shows the 
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Ga concentration [Ga] profile measured by SIMS for SiN (~20 nm)/low-dose-Mg-implanted 

GaN structure after 600 ℃ annealing for 30 h in comparison with that for the control sample 

of SiN/GaN without implantation or annealing. It can be seen that both profiles overlap each 

other, which shows that Ga diffusion is below the detection limit of 1017 cm–3. However, for 

the samples with an Al2O3 cap layer, a completely different result was obtained. In Fig. 8(b), 

SIMS [Ga] profiles for Al2O3 (~20 nm)/low-dose (1.5×1011 cm–2)-Mg-implanted GaN and 

Al2O3/high-dose (1.5×1012 cm–2)-Mg-implanted GaN structures after 600 ℃ annealing for 

30 h are plotted in comparison with that for the control sample of Al2O3/GaN without 

implantation or annealing. The trace of the Ga diffusion can be seen for the Mg-implanted 

samples. Note that the higher Mg ion dose led to a higher [Ga] in Al2O3. This result indicated 

that the extent of the Ga diffusion was increased depending on the Mg ion dose. Therefore, 

the diffused Ga atoms are related to the Mg ion implantation. 

The possibility that the Ga diffusion into Al2O3 was caused by the intermixing between 

Al2O3 and Mg-implanted GaN was denied as follows. Figure 9 shows a cross-sectional TEM 

image of the Al2O3/high-dose Mg-implanted GaN sample after 600 ℃ annealing for 30 h. 

Around the Al2O3/GaN interface, no intermixing was indicated. Furthermore, a SIMS result 

(not shown here) for the implanted GaN after annealing of the same condition showed no 

evidence of Al diffusion into GaN from the Al2O3 layer. Therefore, the Ga diffusion observed 

in Fig. 8(b) was not caused by intermixing, indicating that it is highly likely that the Gai 

generated by Mg ion implantation diffused into the Al2O3 layer, whereas SiN blocked the 

Gai diffusion. We can safely conclude that the detected donor-like deep level at EC – 0.8 eV 

for the SiN-cap, SiO2-cap, and capless annealing can be assigned to Gai.  

An analysis of the micro strain in the implanted GaN to investigate the effects of long-

term low-temperature annealing is an interesting issue. X-ray diffraction (XRD) is a 

powerful tool to analyze the micro strain [46–50]. Actually, XRD analysis of ion-implanted 

GaN has been reported [51, 52]. However, the Mg ion implantation for the present samples 

was carried out with an extremely low dose and a shallow depth. Therefore, it is difficult to 

analyze the strain precisely according to the previous report [52]. Samples implanted with 

higher dose and higher energy should be prepared and analyzed, which is the future work.  

 

SUMMARY 

The encapsulant-dependent effects of long-term 600 ℃ annealing on Mg-ion-implanted 

GaN was investigated using MOS diodes. For 600 ℃/3 h annealing, the C–V characteristics 

of the Al2O3 cap annealed sample indicated the existence of acceptor-like defects, whereas 
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those of the capless, SiO2 cap and SiN cap annealed samples exhibited a bump, which 

indicated the existence of donor-like defects. For the samples except the Al2O3 cap layer 

sample, a defect level at around 0.8 eV below EC was detected. A more distinct result was 

obtained for 600 ℃/30 h annealing. Namely, annealing with the Al2O3 cap layer induced an 

acceptor-like defect level at EC – 0.9 eV, whereas that with the SiN cap layer induced a 

donor-like defect level at EC – 0.8 eV. The evidence of the diffusion of Gai generated in GaN 

by Mg ion implantation into the Al2O3 cap layer was obtained by SIMS and TEM, whereas 

the SiN cap layer blocked the Gai diffusion into it. Therefore, the donor-like defect level at 

EC – 0.8 eV can be assigned to Gai. Moreover, the detected acceptor-like defect level at EC 

– 0.9 eV might be assigned to Ni according to the calculated energy level and the tendency 

of the migration barrier magnitude among the point defects in previous reports [38, 41].  
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Figure captions 

Fig. 1. Sample fabrication sequence. 

 

Fig. 2. SIMS [Mg] and [Si] profiles for as-implanted GaN. The [Mg] profile data is taken 

from our previous report [28] with permission (Copyright (2020) The Japan Society of 

Applied Physics).  

 

Fig. 3. C–V characteristics of samples annealed at 600 ℃ for 3 h with (a) Al2O3 cap layer, 

(b) SiO2 cap layer, (c) no cap layer, and (d) SiN cap layer. To avoid complexity, only 1 MHz 

curves are plotted for the emission direction. Measured data in (a) is taken from our previous 

report [26] with permission (Copyright (2019) John Wiley& Sons).  

 

Fig. 4. τE and τCS calculated as functions of EC – ET and EC – EFS, respectively, at various σ. 

 

Fig. 5. DT distribution for samples annealed at 600 ℃ for 3h with (a) SiO2 cap layer, (b) no 

cap layer, and (c) SiN cap layer. 

 

Fig. 6. C–V characteristics for samples annealed at 600 ℃ for 30 h with (a) Al2O3 cap layer 

and (b) SiN cap layer. To avoid complexity, only 1 MHz curves are plotted for the emission 

direction. 

 

Fig. 7. DT distribution for samples annealed at 600 ℃ for 30 h. 

 

Fig. 8. [Ga] profiles measured by SIMS. (a) SiN/GaN samples. (b) Al2O3/GaN samples: 

samples implanted with Mg at dose of 1.5×1012 cm–2 (high dose) and 1.5×1011 cm–2 (low 

dose). Control samples are as-deposited samples.  

 

Fig. 9. Near-interface cross-sectional TEM image of Al2O3/high-dose Mg-implanted GaN 

annealed at 600 ℃ for 30 h. 
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Fig. 1. Sample fabrication sequence. 
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Fig. 2. SIMS [Mg] and [Si] profiles for as-implanted GaN. The [Mg] profile data is taken 

from our previous report [28] with permission (Copyright (2020) The Japan Society of 

Applied Physics).  
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Fig. 3. C–V characteristics of samples annealed at 600 ℃ for 3 h with (a) Al2O3 cap layer, 

(b) SiO2 cap layer, (c) no cap layer, and (d) SiN cap layer. To avoid complexity, only 1 MHz 

curves are plotted for the emission direction. Measured data in (a) is taken from our previous 

report [26] with permission (Copyright (2019) John Wiley& Sons).  
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Fig. 4. τE and τCS calculated as functions of EC – ET and EC – EFS, respectively, at various σ. 
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Fig. 5. DT distribution for samples annealed at 600 ℃ for 3h with (a) SiO2 cap layer, (b) no 

cap layer, and (c) SiN cap layer. 
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Fig. 6. C–V characteristics for samples annealed at 600 ℃ for 30 h with (a) Al2O3 cap layer 

and (b) SiN cap layer. To avoid complexity, only 1 MHz curves are plotted for the emission 

direction. 
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Fig. 7. DT distribution for samples annealed at 600 oC for 30 h. 
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Fig. 8. [Ga] profiles measured by SIMS. (a) SiN/GaN samples. (b) Al2O3/GaN samples: 

samples implanted with Mg at dose of 1.5×1012 cm–2 (high dose) and 1.5×1011 cm–2 (low 

dose). Control samples are as-deposited samples.  
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Fig. 9. Near-interface cross-sectional TEM image of Al2O3/high-dose Mg-implanted GaN 

annealed at 600 ℃ for 30 h. 

 

 

 

 

 

 

 


