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While the formation of a GaOx interlayer is key to achieving SiO2/GaN interfaces with low 

defect density, positive fixed charge is rather easily generated through the reduction of GaOx 

layer if the annealing conditions are not properly designed. In this study, we minimized the 

unstable GaOx layer by sputter SiO2 deposition. Negligible GaOx growth was confirmed by 

synchrotron radiation X-ray photoelectron spectroscopy, even when post-deposition oxygen 

annealing up to 600°C was performed. A MOS device with negligible capacitance-voltage 

hysteresis, stable flat-band voltage, and low leakage current was demonstrated by performing 

oxygen and forming gas annealing at temperatures of 600°C and 400°C, respectively. 
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Gallium nitride (GaN) is a suitable material for power switching devices due to its 

superior material properties such as a wide bandgap, high critical electric field, and high 

electron saturation velocity1–3). AlGaN/GaN high electron mobility transistors (HEMTs), 

which utilize two-dimensional electron gas at the AlGaN/GaN heterointerface, have been 

adapted for high frequency applications4,5). While standard AlGaN/GaN HEMTs with a 

Schottky-gate suffers from gate leakage, the application of a metal-oxide-semiconductor 

(MOS)-gate structure is effective in reducing the leakage6–8). GaN MOS field-effect 

transistors (MOSFETs) are also appealing as a switching device with normally-off 

operation9–11).  

A variety of oxides have been investigated as a candidate dielectric of GaN MOS 

structure so far; e.g., SiO2
12–15), Al2O3

 16–18), AlSiO19,20), SiON21,22), and AlON7,8). Since GaN 

has a wide bandgap of 3.4 eV, oxides are limited to those with a sufficiently wide bandgap. 

Furthermore, the oxide needs to be thermally stable because post-deposition annealing (PDA) 

is usually required to improve the dielectric properties of the oxide23). From these viewpoints, 

SiO2 is promising owing to its extremely wide bandgap (9 eV) as well as high-temperature 

stability. Plasma-enhanced chemical vapor deposition (PECVD)12–13,21) and atomic layer 

deposition (ALD)14,15) of SiO2 on GaN have been intensively investigated. For these methods, 

the surface of GaN was found to be oxidized with oxygen plasma during the deposition, 

generating a few nm-thick GaOx layer at the SiO2/GaN interface15,21,24,25). The formation of 

the GaOx layer at the interface and its further growth by oxygen annealing are effective in 

improving the interface properties of the SiO2/GaN MOS structure25). However, two 

problems arise accordingly; first, the GaOx layer is easily reduced during post annealing 

treatment even at relatively low temperatures (e.g. 400°C), producing a positive fixed charge 

likely related to oxygen vacancies26–28). This leads to a threshold voltage instability of MOS 

devices29,30). Even if GaOx layer is present at the interface, it is able to avoid the fixed charge 

generation by lowering the temperature of forming gas annealing (FGA) to 200°C31)
. 

However, it would be advantageous if we can perform post-annealing processes at higher 

temperatures in MOS device fabrication. To enable high temperature annealing, an excessive 

growth of the unstable GaOx layer should be suppressed. Second, along with the growth of 
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the GaOx layer, the Ga atoms diffuse into the oxide, which degrades the oxides’ dielectric 

property25,32). Thus, in achieving a stable GaN MOS device with a small gate leakage, it 

would be better to minimize the growth of the GaOx layer. 

Therefore, this study aims to minimize the GaOx layer at the SiO2/GaN interface, while 

preserving superior interface properties. To this end, SiO2 was deposited by sputtering, which 

is one of the physical vapor deposition methods, in pure Ar atmosphere without oxygen. To 

improve the interface and dielectric properties of the MOS structure, PDA in oxygen and 

forming gas ambient was performed. In addition to electrical measurements, a series of 

physical analyses based on synchrotron radiation X-ray photoelectron spectroscopy (SR-

XPS) and secondary ion mass spectrometry (SIMS) were carried out to reveal the underlying 

physics that dominate the electrical characteristics.  

We started from a free-standing GaN(0001) substrate with an n-type epilayer ([Si]: 2 × 

1016 cm-3). The samples’ surface was cleaned with acetone and 50%-hydrofluoric (HF) acid. 

After that, SiO2 was deposited by radio frequency (RF) magnetron sputtering. The sputtering 

target, ambient, chamber pressure, substrate temperature, and RF input power were SiO2, Ar, 

0.3 Pa, room temperature, and 100 W, respectively. A sample with PECVD-deposited SiO2 

was also prepared as a reference25). The SiO2 thickness was either about 20 nm (electrical 

measurements and SIMS) or about 2 nm (SR-XPS). After the deposition, a number of 

samples were subjected to post-deposition annealing in oxygen ambient (O2-PDA) at 200–

800°C for 30 mins. For the MOS capacitors, circular Ni gate electrodes (diameter: 50–100 

μm) and Al back contacts were formed by vacuum evaporation. Then, post-metallization 

FGA (3% H2/N2) at 400°C was carried out for 30 mins. Capacitance-voltage (C-V) and 

current-voltage characteristics of the capacitors were measured at room temperature. SR-

XPS measurements of SiO2/GaN samples were performed with a radiation energy of 1253.6 

eV and photoelectron take-off-angle (TOA) of 90° at BL23SU in SPring-833). The binding 

energy of the acquired Ga 2p3/2 spectra was calibrated by the peak energy of the N 1s core 

level (397.5 eV) corresponding to the Ga-N binding component of the GaN substrate. SIMS 

measurements were carried out using O2+ primary ion beam with an incident energy of 1 keV. 
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Figure 1 shows the Ga 2p3/2 core-level spectra of as-deposited SiO2/GaN structures 

obtained by SR-XPS: samples with (a) PECVD-deposited and (b) sputter-deposited SiO2. 

After the Shirley-type background34) was subtracted from the signals, the signal intensity was 

normalized. The spectra were deconvoluted into two peak components; Ga-N (peak energy: 

1118.4 eV) and Ga-O (peak energy: 1119.0 eV) components originating from the GaN 

substrate and GaOx layer, respectively. Now, we can evaluate the thickness of the GaOx layer 

from the intensity ratio of the two components (i.e. IGa-O/IGa-N). For PECVD deposition (Fig. 

1(a)), the formation of GaOx inevitably occurs because the GaN surface is oxidized due to 

oxygen radicals. However, the IGa-O/IGa-N ratio is about three times smaller in the sputter-

deposited sample (Fig. 1(b)), indicating that the GaOx growth is indeed suppressed for sputter 

deposition. Considering that the GaOx thickness is about 2 nm for a typical PECVD-deposited 

sample25), the thickness would be a few monolayers for sputter deposition. Therefore, sputter 

deposition is indeed effective in suppressing the unstable GaOx layer at the SiO2/GaN 

interface. 

Figure 2 shows the bidirectional C-V characteristics of sputter-deposited SiO2/GaN MOS 

capacitors (measurement frequency: 1 MHz). The as-deposited sample (as-depo.) exhibited 

a large C-V hysteresis (0.9 V) as well as stretch-out caused by electron trapping. This 

indicates a large number of interface and near-interface oxide traps. O2-PDA and FGA are 

effective in passivating the traps, leading to a decrease in hysteresis and stretch-out. However, 

when the O2-PDA temperature was increased to 800°C, a negative shift of C-V characteristics 

occurred after FGA, corresponding to a positive fixed charge density of 1.1×1012 cm-2. This 

is due to the generation of a positive fixed charge likely related to oxygen vacancies27) caused 

by the reduction of the GaOx layer29). Such an effect is negligible when the O2-PDA 

temperature is 600°C or less for the sputter-deposited sample. 

We then investigated the growth of the GaOx layer due to O2-PDA. The Ga 2p3/2 core-

level spectra of SiO2/GaN samples subjected to O2-PDA at various temperatures are shown 

in Fig. 3(a). While no significant GaOx growth was observed with O2-PDA up to 600°C, the 

growth started to proceed at 800°C. Figure 3(b) plots the intensity ratio IGa-O/IGa-N from XPS 

and VFB positions of MOS capacitors as a function of O2-PDA temperature. We can see that, 
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as the GaOx growth proceeds, the negative shift in VFB occurs. Thus, it is evident that the 

reduction of the GaOx layer is the cause of the fixed charge generation, as described in Fig. 

3(c). The O2-PDA temperature should be 600°C or less to minimize the growth of the 

unstable GaOx layer. 

Next, SIMS measurements were conducted to evaluate the Ga diffusion into SiO2 

dielectric. Figure 4 shows the depth profile of Ga concentration in the SiO2/GaN structure 

evaluated by SIMS. Segregation of Ga atoms was observed in the near-surface region (< 8 

nm) even for the as-deposited sample, which would be inevitable. The SIMS profile after O2-

PDA at 600°C is mostly similar to the as-deposited sample, showing negligible Ga diffusion. 

However, with O2-PDA at 800°C, it can be seen that a small amount of Ga diffuses into SiO2. 

Since the Ga diffusion is triggered by the growth of GaOx
25), the results of the SIMS analysis 

are consistent with those of the XPS shown in Figs. 3(a) and (b). 

As a result of the electrical measurements and physical analyses previously mentioned, 

we found that the upper limit of the O2-PDA temperature where the GaOx does not grow is 

600°C. Figure 5(a) shows the frequency dispersion of C-V characteristics of SiO2/GaN MOS 

structure, where O2-PDA and FGA were conducted at 600 and 400°C, respectively. 

Negligible frequency dispersion, small C-V hysteresis (0.5 mV), and a small VFB shift (0.3 V, 

negative) from its ideal position were obtained, indicating a small number of interface/near-

interface traps. Although we confirmed that O2-PDA alone is effective in improving the 

interface properties to some extent (data not shown), additional FGA is needed to obtain the 

optimum characteristics. Figure 5(b) shows the current density-oxide field characteristics of 

the sample in comparison with the as-deposited one. While the as-deposited sample exhibited 

a relatively low onset field of leakage (about 4.0 MVcm-1), the onset was improved to about 

5.5 MVcm-1 due to O2-PDA and FGA. This is likely due to passivation of oxide traps such 

as oxygen vacancies by oxygen annealing. By sputter deposition of SiO2 and subsequent O2-

PDA and FGA, a stable SiO2/GaN MOS structure with good interface and dielectric 

properties was obtained. 

In summary, on the basis of sputter deposition of SiO2, the growth of an unstable GaOx 

layer at the SiO2/GaN interface was effectively minimized in this study. Due to this, either 
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the negative shift of flat-band voltage due to positive fixed charge generation or the Ga 

diffusion into SiO2 dielectric was suppressed during the following annealing treatment. By 

performing O2-PDA at 600°C, where the GaOx growth does not occur, and FGA at 400°C, a 

MOS device with negligible C-V hysteresis, nearly ideal flat-band voltage, and small leakage 

current was demonstrated. 
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Figures Captions 

Fig. 1. Ga 2p3/2 core-level spectra of as-deposited SiO2/GaN samples evaluated by SR-XPS: 

samples with (a) PECVD-deposited and (b) sputter-deposited SiO2. The measurement data 

after background subtraction (open circles) were described by the sum (green) of Ga-N (blue) 

and Ga-O (red) peak components. The Ga-N (1118.4 eV) and Ga-O (1119.0 eV) peak 

positions are indicated by dashed lines. The calculated intensity ratio of the Ga–O peak to 

the Ga–N one (IGa–O/IGa–N) is also shown, together with a schematic describing the result. 

 

Fig. 2. Bidirectional C-V characteristics of sputter-deposited SiO2/GaN MOS capacitors with 

and without annealing (measurement frequency: 1 MHz). The capacitance is normalized by 

the maximum capacitance (Cmax) and the ideal VFB position is indicated as a dotted line. 

Capacitance per unit area is also shown as an inset. The maximum capacitance differs among 

the samples corresponding to the thickness variation of SiO2 (20 ± 1 nm). 

 

Fig. 3. (a) Ga 2p3/2 core-level spectra of SiO2/GaN samples without (as-depo.) and with O2-

PDA at various temperatures evaluated by SR-XPS. (b) Intensity ratio IGa-O/IGa-N estimated 

from XPS (black) and VFB positions of MOS capacitors (blue) as a function of O2-PDA 

temperature. (c) Schematic illustration describing the instability of the GaOx layer against 

FGA. 

 

Fig. 4. Depth profiles of Ga concentration in SiO2/GaN structures without and with O2-PDA 

obtained by SIMS. The position of SiO2/GaN interface is indicated as a dashed line (depth: 

20 nm). 

 

Fig. 5. (a) Bidirectional C–V characteristics of SiO2/GaN MOS capacitors fabricated by O2-

PDA at 600°C and FGA at 400°C for 30 min. Multi-frequency measurements ranging from 

1 kHz to 1 MHz were conducted at room temperature. (b) Current density-oxide field 

characteristics of SiO2/GaN MOS capacitors with (blue) and without (black) O2-PDA and 

FGA.  
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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