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The gap states near the conduction band edge (EC) in the vicinity of the interface between 

Mg-ion-implanted GaN and Al2O3 deposited after post-implantation annealing were 

investigated in the range between EC–0.15 eV and EC–0.45 eV. For this purpose, 

capacitance–voltage measurements were performed on MOS diodes with the n-type 

conduction of Mg-implanted GaN maintained by suppressing the dose. Although the gap 

state density DT was reduced for the sample prepared with the dose of 1.5×1012 cm–2 by 

conventional rapid thermal annealing (RTA) at 1250 ℃ for 1 min using an AlN protective 

cap layer, further improvement was achieved by capless ultra-high-pressure annealing 

(UHPA) at the same temperature for the same duration. Furthermore, the DT distributions for 

the samples with capless UHPA at 1400 ℃ for 5 min are comparable to that for the sample 

with conventional RTA at 1250 ℃ for 1 min using the cap layer.   
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1. Introduction 
Gallium nitride (GaN) has wide bandgap (3.43 eV),1) high breakdown field (2.3–3.2  

MV/cm at a doping density of 1×1016–1×1017 cm–3),2) high electron mobility (1300 cm2V–

1s–1 ),1) and high saturation electron velocity (2.8×107 cm/s).1) It has been reported by 

Baliga that the ideal specific on-resistance of GaN vertical power devices is much smaller 

than that of Si.3) In addition, excellent properties of GaN MOS structures have been 

reported in several references.4–8) Actually, a channel mobility of more than 100 cm2V–1s–1 

has been reported for GaN MOSFETs.9–14) Therefore, GaN can be applied to power 

MOSFETs that contribute to energy conservation. 

To realize high-efficiency and high-power GaN MOSFETs, the establishment of ion 

implantation technology improves the figure-of-merit up to a level close to the unipolar 

limit of GaN by reducing the electric field crowding in these devices. For example, vertical 

double-implanted MOSFETs having a simple structure can be fabricated by selectively 

doping n-type GaN (n-GaN) and p-type GaN (p-GaN) regions by ion implantation. 

However, the formation of the p-GaN region by ion implantation is a big challenge. 

Nevertheless, Mg acceptor activation has recently been realized by various 

high-temperature annealing methods after Mg ion implantation.15–23) One of the methods is 

ultra-high-pressure annealing (UHPA) at an ultra-high nitrogen pressure of 1 GPa.23) This 

method can achieve a high Mg activation rate owing to the availability of a long-term 

high-temperature process without significant surface damage generated despite not using a 

surface protective layer at a high temperature of up to 1480 ℃.23) 

From the results of positron annihilation spectroscopy (PAS),24–26) the dominant point 

defect generated immediately after Mg ion implantation is the divacancy VGaVN. According 

to the electrical measurements of Mg-implanted GaN before annealing, a defect level at 

0.25 eV below the conduction band edge (EC) has been detected.27–29) This defect level 

does not disappear after annealing at 500 ℃.27) The combination of electrical measurement 

and PAS revealed that this discrete defect level at EC – 0.25 eV was assigned to VGaVN.29) 

Recently, we have found that the EC – 0.25 eV level disappeared after conventional rapid 

thermal annealing (RTA) using a protective AlN cap layer at 1250 ℃.30) However, PAS 

results showed that the divacancies agglomerated to form large clusters at this temperature 

rather than being fully recovered by AlN cap annealing at similar temperatures.24) Although 

annealing at a higher temperature is necessary, surface damage must be prevented. 

Therefore, the surface analysis of the Mg-implanted GaN should be carried out after 

annealing. X-ray photoelectron spectroscopy also provided information on the surface after 
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UHPA at 1400 ℃, which indicated the absence of nitrogen deficits at the annealed 

surface.31) Moreover, the electric properties of GaN MOS structures formed after UHPA 

have been reported for heavily Mg-implanted and nonimplanted samples.32) However, 

effects of post-implantation UHPA on the electrical states, i.e., gap states near the surface 

region, have not been clarified. 

The effective mobility and on-resistance of an inversion-type n-channel MOSFET can 

be affected by the gap states near the GaN surface. In this work, using MOS structures with 

an Al2O3 layer, we investigated the gap states near EC in the vicinity of the 

Mg-ion-implanted GaN surface after UHPA. Since the investigation of near-conduction 

band levels using the MOS structure with p-GaN is difficult, we used MOS structures with 

lightly Mg-implanted n-GaN. The effects of UHPA before the fabrication of MOS 

structures on gap states were investigated for two representative annealing conditions 

reported for Mg-implanted GaN.  

 

2. Experimental procedure 
The MOS diode was prepared as shown in Fig. 1. An n-GaN epitaxial layer with a Si donor 

concentration (ND) of 5.5×1017 cm-3 and a thickness of 3 μm was grown by metalorganic 

vapor phase epitaxy (MOVPE) on a freestanding n+- GaN (0001) substrate. Mg ions were 

implanted at an energy of 50 keV and a dose of 1.5×1011 or 1.5×1012 cm–2 with an incident 

angle of 7° tilted from the normal incidence and with a lateral rotation of 15° from the 

normal direction to the orientation flat. In the following, each of the dosing concentrations 

will be referred to as a low or high dose. Mg ions were implanted within a Mg 

concentration range that does not exceed the concentration of the initially doped Si layer, 

which was confirmed by secondary ion mass spectrometry (SIMS) as shown in Fig. 2(a). 

For the n-GaN samples with and without Mg ion implantation, UHPA was performed 

without using a protective cap layer at 1250 ℃ for 1 min or 1400 ℃ for 5 min under a 

nitrogen pressure of 1 GPa. The former UHPA condition has been chosen because it has 

been reported that conventional RTA with this condition using a protective cap layer 

achieved a successful Mg activation,19–22) while the latter UHPA condition has been 

reported to achieve a high activation rate.23) In the high-dose case, the samples subjected to 

conventional RTA  at 1250 ℃ in atmospheric pressure nitrogen flow with a 200-nm-thick 

AlN cap layer were also prepared. After annealing, the samples were treated with a 

solution of HF:H2O = 1:1 prior to the formation of the 30-nm-thick Al2O3 layer by atomic 

layer deposition (ALD) at 300 ℃ using trimethylaluminum and H2O. The MOS structure 
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was formed by the electron beam evaporation of the Ni/Au circular top circular electrode 

(300 μm diameter) and the Ti/Au back ohmic contact. Finally, post-metallization annealing 

(PMA) was carried out at 300 ℃ for 3 h in air to reduce the interface state density. 

According to previous reports,4, 5) this treatment can efficiently reduce the interface 

disorder and resultant state densities at the Al2O3/GaN interface. We examined the sample 

before dehydrogenation annealing to clarify the effects of UHPA alone on electrical 

properties. Indeed, the dehydrogenation of n-GaN is difficult, and the reason of this 

difficulty will be discussed later. Even after capless annealing at 800 ℃ for as long as 90 

min, hydrogen atoms were detected by SIMS, as shown in Fig. 2(b).  

To characterize the Al2O3/Mg-implanted GaN interface electrically, capacitance–voltage 

(C–V) measurements were performed on the fabricated MOS diodes. The gap state density 

(DT) distribution was obtained by the high–low-frequency method33) from the results of C–

V measurements. Here, the gap states include interface states and point defect states near 

the GaN surface. 

 

3. Results and discussion 
Figure 3 shows the comparison of C–V characteristics among samples (a) without 

activation annealing (as-implanted), (b) with 1250 ℃ conventional RTA, and (c) with 

1250 ℃ UHPA. The ideal curve is calculated assuming a constant ND of 5.0×1017 cm–3, 

which is for setting a reference without taking into account the donor compensation. The 

solid lines show the C–V characteristics under the bias sweep from the negative voltage 

side to the positive voltage side. The fine black line shows the 1 MHz curve measured 

under the voltage sweep in the opposite direction to show the hysteresis. For the 

as-implanted sample in Fig. 3(a), the frequency dispersion is remarkable. The plateau 

capacitance in the bias voltage range of –13 to –3 V corresponds to the depletion layer 

width of 150 nm corresponding to the location of the surface Fermi level (EFS) at a deep 

energy level. Although this is an indication of EFS pinning at the deep point, the frequency 

dispersion occurring in the relatively high frequency region should have been caused by 

the response from shallower gap states whose time constant was less than the millisecond 

order. In the as-implanted sample, the deep depletion layer with a width of ~150 nm should 

have been caused by the high-density acceptor-like defects, mainly VGaVN, distributed 

nonuniformly deep inside the bulk, which has been confirmed by PAS as reported in Ref. 

29. Consequently, the plateau capacitance does not reflect the surface potential. Therefore, 

the information of the pinning position cannot be derived from the capacitance. A detailed 
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numerical analysis has been reported in Refs. 27 and 28. Thus, the conductance method33) 

was used to derive the DT distribution. On the other hand, the samples annealed at 1250 ℃ 

showed a much reduced frequency dispersion in the C–V characteristics, as shown in Figs. 

3(b) and 3(c). In both figures, the wide plateau disappeared. It can be seen in Fig. 3(c) that 

the least frequency dispersion was achieved by UHPA at 1250 ℃. It is highly likely that DT 

was reduced in both samples especially in the UHPA sample. However, the conductance 

was too small to exactly apply the conductance method. In addition, we should not apply 

the Terman method33) here because the doping profile might not be uniform owing to the 

ion implantation. Actually, a non-uniform doping profile has been derived from the C–V 

curve for the sample with conventional RTA.30) Therefore, the high–low-frequency 

method33) was used to derive the DT distributions by treating the 1 MHz and 1 kHz C–V 

curves as the high- and low-frequency limits, respectively. In this method, DT is derived 

as33) 

 

𝐷𝐷𝑇𝑇 = 1
𝑞𝑞2
�� 1

𝐶𝐶𝐿𝐿𝐿𝐿
− 1

𝐶𝐶𝑂𝑂𝑂𝑂
�
−1
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where CLF, CHF, and COX are the low-frequency limit, high-frequency limit, and oxide 

capacitances, respectively. The EFS position from EC at the bias voltage V is derived as33) 

 

𝐸𝐸𝐶𝐶 − 𝐸𝐸𝐹𝐹𝐹𝐹 = −∫ �1 − 𝐶𝐶𝐿𝐿𝐿𝐿
𝐶𝐶𝑂𝑂𝑂𝑂

� 𝑑𝑑𝑑𝑑𝑉𝑉
𝑉𝑉0

,       (2) 

 

where V0 is the voltage for strong accumulation. The applicable energy range of 0.15 – 

0.45 eV in the bandgap for use of the 1 MHz and 1 kHz C–V curves has been discussed in 

our previous paper.30) Briefly, when the measurement frequency is in the range from 1 kHz 

to 1 MHz, the detection range should be approximately EC – 0.15 eV to EC – 0.45 eV 

assuming that the capture cross section is in the range of 1×10–15–1×10–17 cm–2. 

The derived DT distributions are summarized in Fig. 4. The order of the DT magnitude 

depending on the samples reflects the order of the frequency dispersion magnitude in Fig. 

3. As mentioned above, the discrete level at around EC – 0.25 eV was detected in the 

as-implanted sample.27–29) This level was assigned to the VGaVN defects generated by Mg 

implantation by a combination of electric measurement and PAS.29) Upon annealing at 

1250 ℃, however, this discrete level disappeared and part of the U-shaped distribution was 

detected in the range from EC – 0.15 eV to EC – 0.45 eV. This indicated the reduction in the 

density of VGaVN defects, which is in good agreement with the previously reported PAS 
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results.24–26) However, there is a possibility that the agglomeration of these defects as 

reported in Ref. 24 occurred to generate another defect level outside the present detection 

energy range rather than a complete removal of vacancy-type defects. UHPA achieved a 

much reduced interface state density compared with conventional RTA. It is highly likely 

that UHPA prevented surface damage to a greater extent.  

Figure 5 shows a comparison of the C–V characteristics of the samples annealed at 

1250 ℃ by UHPA with different doses. Figure 3(c) appears again as Fig. 5(c). For all 

samples with UHPA, we can see bumps in the C–V characteristics. The reason for this will 

be discussed later. The DT distributions derived by the high–low-frequency method are 

summarized in Fig. 6 with the results for the high-dose sample shown in Fig. 4. The 

implanted samples showed a slightly increased DT compared with the sample without 

implantation. During annealing, bulk defects should have diffused toward the surface. 

Therefore, the surface behaves similar to a sink for defects, as discussed in Ref. 25. The 

defects may turn into surface disorders. This is a possible reason for the slight increase in 

DT in the Mg-ion-implanted samples. There is a possibility that a longer annealing duration 

might lead to a reduction in DT in the implanted samples. On the other hand, the DT 

distribution of the low-dose sample was located slightly higher than that of the high-dose 

sample, with a slightly convex upward curve. According to the disorder-induced gap state 

model, which is a guiding principle for gap states, the interface states due to interface 

disorders distribute in a continuous U shape in the entire bandgap,34, 35) while the discrete 

states can also be detected if the defects exist in the vicinity of the interface.36, 37) Therefore, 

a convex upward distribution may indicate the existence of defects near the interface. 

Possibly, VGaVN defects remained owing to the suppression of agglomeration because of 

the lower density of defects.  

Figure 7 shows a comparison of the C–V characteristics of the samples with UHPA at 

1400 ℃. Bumps larger than those of the samples with UHPA at 1250 ℃ can be seen. The 

C–V characteristics showed that the bumps are due to the donor-like level because the 

bumps appeared on the negative bias side of the ideal curves.38) Considering the calculated 

location of the charge neutral level of EC – 1.1 eV,39) it is unlikely caused by the interface 

states because the interface states should be acceptor-like in the range within 1.0 eV below 

EC, where they can respond to the bias sweep at a rate of 50 mV s–1. Therefore, donor-like 

defects should have existed. A possible cause of the bump appearance is a state related to 

hydrogen atoms introduced during UHPA.25, 40–42) Monoatomic interstitial hydrogen (Hi) 

may have been introduced into n-GaN, especially in the near-surface region at a high 
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density. As shown in Fig. 2(b) for the high-dose sample, we have confirmed by SIMS that 

hydrogen was not removed even by annealing at 800 ℃ for 90 min under atmospheric 

nitrogen pressure after UHPA at 1250 ℃ for 1 min. In particular, [H] was higher than [Mg], 

which indicated the existence of Hi. The theoretical calculation in the literature indicated 

that Hi generated a defect level at EC – 0.5 eV.43, 44) This level corresponds to the (+/–) 

charge transition.44, 45) Therefore, Hi should have been negatively charged in the n-GaN 

bulk with ND of 5.0×1017 cm-3, which made it difficult to achieve dehydrogenation by 

annealing because of the very small diffusion coefficient due to the large diffusion barrier 

in n-GaN.45) A similar phenomenon at the n-GaN/p-GaN junction has been reported in Refs. 

41 and 46.  

Owing to the (+/–) charge transition, donor–acceptor transition should be seen in the 

C–V characteristics. The plateau should straddle the ideal curve with a shift towards the 

positive voltage direction after filling the defects with electrons. Possibly, the absence of 

this straddling is due to the fact that the broken-line ideal curves in Figs. 3, 5, and 7 are 

calculated assuming that the uniform doping profile that is the same as that of the as-grown 

sample without implantation. For a precise investigation, the true ideal C–V curve should 

be calculated considering the effect of the actual charge distribution due to Hi on the 

doping profile. A detailed numerical analysis is required, which is beyond the scope of this 

work. As an example, the ideal curve calculated assuming a uniform profile with an 

increase doping concentration to fit the C–V curve at the bottom is added in Fig. 7(b) and 

shown as the one-dot-chain line, which provides a slightly better explanation. Still, the 

ideal curves assuming a uniform donor concentration of 5×1017 cm–3 can be used as a 

rough benchmark as the first approximation. On the basis of these curves, we found that 

the capacitances at the C–V plateaus of samples with UHPA correspond to 0.6 – 0.7 eV 

below EC. Unfortunately, Eq. (2) cannot be applied to these bumps because the energy 

levels are out of the applicable range. In addition, the depletion layer capacitance is 

determined by not only the surface potential but also the effective doping concentration. 

Since the as-implanted sample had the lower effective donor concentration owing to carrier 

compensation, the plateau capacitance due to EC – 0.25 eV traps was lower than the bump 

capacitance owing to donor-like defects at 0.6 – 0.7 eV below EC after annealing.  

According to Ref. 25, H can be trapped by vacancy-type defects upon UHPA at a 

temperature as low as 1000 ℃. At the initial stage of UHPA, the Fermi level in the 

subsurface region might have located deep inside the bandgap because of the high density 

of defects. Thus, there is a possibility that mobile Hi
+ was introduced into the implanted 
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GaN at this stage. However, as the defect density decreased, the Fermi level moved toward 

EC in the bulk GaN. Consequently, Hi
+ might have turned into Hi

– and become immobile. 

Although the bump became larger as the dose increased, the bump was observed even for 

the sample without implantation. Therefore, there is another way of introducing Hi. At the 

bare surface of GaN, monoatomic H can be trapped by surface dangling bonds, which 

might have been another source of Hi. Although SIMS analysis in the near-surface region 

is difficult owing to surface contamination, Hi might have distributed in the near-surface 

region of GaN after UHPA.  

The DT distributions derived by the high–low-frequency method are summarized in 

Fig. 8 for all samples with UHPA at 1400 ℃. Even by UHPA at 1400 ℃ for 5 min, which 

is the condition for achieving a 70% activation ratio of Mg acceptors,23) the interface state 

density is comparable to that for conventional RTA at a lower temperature of 1250 ℃. 

Although the DT of the sample with conventional RTA might be reduced by optimizing the 

process for removing the cap layer, post-implantation UHPA achieved improved MOS 

interface properties even without using a cap layer. Nevertheless, the DT values of a sample 

without both Mg ion implantation and UHPA are under the detection limit in the range 

from EC – 0.15 eV to EC – 0.45 eV. Thus, we cannot deny the possibility that the annealing 

led to an increase of surface disorders resulting in the interface state density included in DT. 

In addition, note that DT increased slightly as the UHPA temperature increased. Therefore, 

the low annealing temperature is preferable. Still, since no discrete level other than a 

continuous U-shaped DT distribution was detected, the increase in DT did not result from 

the defects generated by annealing. On the other hand, as mentioned above, the duration of 

1 min for UHPA at 1250 ℃ might have been too short to remove the surface implantation 

damage. Very recently, long-term UHPA at 1300 ℃ has been found to be also effective for 

achieving a high activation ratio.47, 48) This UHPA condition might also be suitable for 

reducing DT. Since the minimum DT was on the order of 1011 cm–2 eV–1 for all the samples 

with UHPA, there is a possibility that the optimization of the interface formation process 

leads to further reduction in DT. 

 

4. Conclusions 
C–V measurements were performed on MOS structures with ALD Al2O3 and lightly 

Mg-ion-implanted n-GaN fabricated after UHPA to evaluate the gap states near the 

conduction band. Although the frequency dispersion and the density of the discrete level at 

EC – 0.25 eV assigned to VGaVN defects for the high-dose (1.5×1012 cm–2) Mg-implanted 
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samples were reduced by conventional RTA at 1250 ℃ for 1 min, further improved 

characteristics were achieved by UHPA at the same temperature and for the same duration. 

The UHPA of the low-dose (1.5×1011 cm–2) Mg-implanted sample resulted in a slightly 

increased DT with a slightly upward-convex curve, which might indicate that the low 

density of residual VGaVN defects resulted from the incomplete agglomeration. The 

nonimplanted sample with UHPA at 1250 ℃showed the lowest DT, which indicated that 

the defect diffusion toward the surface resulted in a slight increase in the density of surface 

disorders of implanted samples. Although the DT distributions for the high-dose, low-dose, 

and nonimplanted samples with UHPA at 1400 ℃ for 5 min locate higher than those for 

the samples with UHPA at 1250 ℃ for 1 min, they are comparable to that derived for the 

sample with conventional RTA at 1250 ℃. The bumps were observed in C–V curves for 

samples with UHPA, which were likely caused by the donor-like level related to Hi that 

was introduced during UHPA. It is difficult to remove hydrogen from samples subjected to 

UHPA because of the small diffusion constant in n-GaN, which does not matter in p-GaN. 

Since DT was on the order of 1011 – 1012 cm–2 eV–1 or lower, there is a possibility that 

further improvement of interface properties can be achieved by optimizing annealing 

conditions and/or interface formation processes.  
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Figure Captions 

Fig. 1 Schematic of sample fabrication sequence. 

 

Fig. 2 SIMS results (a) for as-implanted high- and low-dose samples, and (b) for the 

high-dose sample after annealing at 800 ℃ for 90 min under atmospheric pressure 

subsequently to UHPA at 1250 ℃. The increase in [H] toward the surface resulted from 

surface contamination during the SIMS measurement. The [Mg] data in (a) were taken 

from Figs. 10(a) and 10(b) in our previous paper (Ref. 29). 

 

Fig. 3 C–V characteristics of high-dose samples (a) as-implanted, (b) with conventional 

RTA at 1250 ℃, and (c) with UHPA at 1250 ℃. The data in (a) were taken from Fig. 5(a) 

in our previous paper (Ref. 29). The data in (b) were taken from Fig. 5(b) in our previous 

paper (Ref. 30) licensed under CC BY. 

 

Fig. 4 DT distributions at the ALD Al2O3/GaN interface derived from C–V characteristics 

in Fig. 3. The data for the as-implanted sample were taken from Fig. 8 in our previous 

paper (Ref. 29). The data for the sample with conventional RTA were taken from Fig. 7 in 

our previous paper (Ref. 30) licensed under CC BY.  

 

Fig. 5 C–V characteristics of samples with UHPA at 1250 ℃: (a) Sample without ion 

implantation, (b) low-dose sample, and (c) high-dose sample [the same plot in Fig. 3 (c) is 

shown again].  

 

Fig. 6 DT distributions at ALD Al2O3/GaN interface of samples with UHPA at 1250 ℃ 

derived from C–V characteristics shown in Figs. 5 and 3(c).   

 

Fig. 7 C–V characteristics of samples with UHPA at 1400 ℃: (a) Sample without ion 

implantation, (b) low-dose sample, and (c) high-dose sample. 

 

Fig. 8 DT distributions at ALD Al2O3/GaN interface of samples with UHPA at 1400 ℃ 

derived from C–V characteristics shown in Fig. 6. 
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Fig. 2(a)(b) 
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Fig. 3(a)(b)(c) 
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Fig. 4 
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Fig. 5(a)(b)(c) 
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Fig. 6 
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Fig. 7(a)(b)(c) 
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Fig. 8 
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