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 A B S T R A C T

In this study, a three-step surface treatment, composed of SiO2 deposition, subsequent annealing, and SiO2
removal, is adopted for the fabrication of c- and m-plane n-type GaN/Al2O3 MOS structures, and the impact of 
the proposed process on electrical properties and its crystal face dependence are systematically investigated. 
While no significant changes are observed after the proposed surface treatment for m-face GaN, an identical 
process causes changes in the properties of c-face GaN MOS structures: an about 0.2V lower flat-band voltage 
(V FB) and an about 0.2 eV higher conduction band offset, associated with a change in the thickness or crystalline 
quality of a gallium oxide (GaO𝑥) layer on the c-face GaN surface. The modified energy band alignment leads 
to a reduced gate leakage current, reducing the V FB drift after high-field positive bias stress (4.5MV∕cm) almost 
by half only for c-face GaN MOS structures. The fact that even an identical process has a crystal face-dependent 
impact on the properties of GaN MOS structures is important in developing the fabrication process of GaN 
planar and trench MOSFETs.
. Introduction

Gallium nitride (GaN) is an attractive wide-bandgap semiconductor 
aterial that can improve the trade-off relationship between on-state 
esistance and blocking voltage in power devices [1–4], mainly thanks 
o its high critical electric field (2.5–3.5MV∕cm) [5–7]. Following 
he intensive research and development of GaN-based heterostructure 
ield-effect transistors (HFETs) for high-frequency devices [8,9], GaN 
ertical metal–oxide–semiconductor FETs (MOSFETs) have become a 
romising alternative to silicon (Si) insulated gate bipolar transistors 
IGBTs) and silicon carbide (SiC) MOSFETs as high-voltage switching 
evices [10,11]. There are two major structures of power MOSFETs, 
hich are planar and trench structures with a MOS channel formed 
n c- and m-plane GaN, respectively. Thus, the formation of a high-
uality GaN/dielectric interface on c- and m-faces is key to improving 
he performance and reliability of GaN MOSFETs.
In the fabrication of GaN MOS structures, aluminum-based gate 

nsulators, such as aluminum oxide (Al2O3) [12–16], aluminum sil-
cate (AlSiO) [17,18], aluminum oxynitride (AlON) [19,20], and so 
orth, have been widely adopted. A low interface state density (𝐷it ∼
011 cm−2eV−1) near the conduction band edge (𝐸C) has been reported 
sing n-type GaN MOS structures [21–23]. Reflecting a low 𝐷it near 
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𝐸C, besides, a very high channel mobility exceeding 100 cm2V−1s−1 has 
been demonstrated [24,25], making the GaN MOS structures with an 
aluminum-based gate dielectric promising for high-performance power 
MOSFETs.

On the other hand, the long-term reliability of the MOS structure is 
still a concern. Few reports have performed stress tests and investigated 
charge-trapping behavior for aluminum-based gate insulators [26–28]. 
For example, it was indicated for a GaN/AlSiO system that the flat-band 
voltage (𝑉FB) drift after applying positive-bias stress (PBS) reaches over 
1.5V in 300 s unless the temperature of post-deposition annealing (PDA) 
is optimized. Hence, it is crucial to establish a formation process of 
GaN MOS structures that does not cause any degradation of electrical 
properties during device operation.

To improve the reliability of GaN MOS structures, we have focused 
on surface treatment before the gate dielectric formation. According 
to previous studies, the 𝐷it value of c- and m-face at GaN/Al2O3 MOS 
interfaces is effectively reduced by post-metallization annealing (PMA) 
even at a low temperature (300 ◦C) [21,23], indicating that the surface 
of GaN and/or the native oxide layer [29,30] is inherently unstable. In 
this sense, we recently proposed a three-step surface treatment, named 
the dummy SiO2 process [31]. In this method, (1) deposition of silicon 
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Fig. 1. Flow for fabricating c- and m-face GaN/Al2O3 MOS capacitors with and without the dummy SiO2 process.
Fig. 2. (a) Typical 𝐶–𝑉  characteristics and (b) flat-band voltage of c- and m-face GaN/Al2O3 MOS structures. The dummy SiO2 process caused a negative shift of 𝐶–𝑉  curves and 
flat-band voltage only for the c-face samples.
dioxide (SiO2) film, (2) subsequent PDA in nitrogen (N2) ambient, and 
(3) SiO2 removal with buffered hydrofluoric acid (BHF) are performed 
prior to the gate dielectric formation. Our previous work adopted this 
process for the fabrication of c-face GaN/Al2O3 MOS structures with the 
PDA temperature of 800 ◦C and investigated the 𝑉FB stability against 
PBS [31]. As a result, the proposed process effectively suppressed 
the 𝑉FB drift during PBS even under a relatively high oxide field of 
4MV∕cm. On the other hand, it is still unclear what role the dummy 
SiO2 process plays in improving the 𝑉FB stability. To elucidate the 
critical factor contributing to the improved reliability of MOS structures 
and further develop the proposed process, more detailed investigations 
of the MOS interface properties are necessary by varying the process 
condition, such as the temperature of PDA on dummy SiO2. Besides, 
it is beneficial to clarify the impact of this process on m-face GaN 
2 
MOS structures, aiming at high-performance and highly reliable GaN 
trench MOSFETs. In the present study, we fabricated c- and m-face 
GaN/Al2O3 MOS capacitors with various PDA temperatures on dummy 
SiO2 and systematically investigated the electrical properties and the 
surface chemical bonding, discussing their dependency on the crystal 
face of GaN.

2. Experiment

Fig.  1 shows the fabrication process of the GaN/Al2O3 MOS struc-
tures. The c-face GaN MOS capacitors were prepared with n-type 
GaN epitaxial layers (donor density: ∼ 2 × 1016 cm−3) grown on n-
type GaN(0001) freestanding substrates, while n-GaN epitaxial layers 
(donor density: 7–8 × 1015 cm−3) on GaN(1010) substrates were used 
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Fig. 3. Bidirectional 𝐶–𝑉  characteristics of (a) c- and (b) m-face GaN/Al2O3 MOS structures. Hysteresis of 𝐶–𝑉  curve determined using 𝑉FB as a function of the maximum electric 
field in (c) c- and (d) m-face GaN/Al2O3 MOS structures. The dummy SiO2 process reduced the hysteresis under a high electric field only for the c-face samples.
as m-plane samples. The substrates were first cleaned with sulfuric 
peroxide mixture (SPM) for 5min and BHF for 30 s. For the dummy 
SiO2 process, a 5 nm-thick SiO2 was deposited on some samples by 
plasma-enhanced atomic layer deposition (PE-ALD) at the substrate 
temperature of 300 ◦C with tris(dimethylamino)silane as a precursor. 
PDA was then performed at various temperatures (600–900 ◦C) in N2
ambient for 5min, followed by the SiO2 removal with BHF solution 
(30 s). Note that the etching rate of 𝛽-gallium oxide with BHF was 
very low (1.4–2.2 nm∕h), barely etching a gallium oxide layer that 
would be formed on the GaN surface [31]. Gate dielectric was formed 
by depositing a 10 nm-thick Al2O3 film by PE-ALD at 300 ◦C with a 
precursor and oxidant gas of trimethylaluminum and H2O, respectively. 
A circular-shaped gate electrode with a diameter of about 100 μm was 
formed on Al2O3 by electron-beam evaporation of Pt, and then, Ti/Pt 
electrode stack was deposited on the substrate as backside ohmic 
contacts. Finally, PMA was conducted at 300 ◦C in N2 ambient for 5min. 
Hereafter, the samples treated with the dummy SiO2 process are labeled 
with the crystal face and PDA temperature (e.g., c-900 and m-900), 
while non-treated ones are indicated as c-wo and m-wo for the c- and
m-plane samples, respectively.

Capacitance–voltage (𝐶–𝑉 ) characteristics of the MOS capacitors 
were acquired at room temperature with the probe frequency of 1MHz
by sweeping the voltage from depletion to accumulation (D to A), and 
then back to depletion (A to D). Current–voltage (𝐼–𝑉 ) measurements 
were performed as well. Besides, PBS tests were conducted at room 
temperature for 300 s in total by systematically varying the stress field 
from 2.0 to 4.5MV∕cm. After the stress time (𝑡) of 1, 10, 50, 100, 150, 
200, 250, and 300 s, 𝐶–𝑉  characteristics were repeatedly measured, and 
the 𝑉  drift caused by PBS was characterized. The direction of voltage 
FB

3 
Fig. 4. Current density–oxide field characteristics of c- and m-face GaN/Al2O3 MOS 
structures. The dummy SiO2 process made the conduction band offset (𝜙ox) about 0.2 eV
higher only for c-face GaN.
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Fig. 5. Flat-band voltage drift versus stress time under various electric field conditions in c-face GaN/Al2O3 MOS structures fabricated without surface treatment (c-wo). The inset 
shows an example of the 𝐶–𝑉  curve drift under a stress field of 4.0MV∕cm.
sweeping for 𝐶–𝑉  measurements after PBS was from accumulation to 
depletion to avoid electron emission from a trap. Additionally, X-ray 
photoelectron spectroscopy (XPS) measurements with monochromated 
Al K𝛼 X-ray (ℎ𝜈 = 1486.6 eV) were performed on the GaN surface before 
and after the surface treatment, and Ga 3d spectra were compared 
between different crystal faces. Note that the PDA temperature in the 
sample preparation for XPS measurement was 800 ◦C, which is the 
same PDA condition as the literature [31].

3. Results

Fig.  2 shows (a) the typical 𝐶–𝑉  characteristics of the GaN/Al2O3
MOS capacitors and (b) 𝑉FB versus process condition. Note that 𝑉FB
was determined at a voltage where the capacitance value measured 
at a high frequency (1MHz) is equal to 𝐶FB = 𝐶ox𝐶s,FB∕(𝐶ox + 𝐶s,FB), 
where 𝐶ox is the oxide capacitance and 𝐶s,FB is expressed as 𝜀s𝜀0∕𝐿D
using the dielectric constant of GaN (𝜀s = 10.4𝜀0 and 9.5𝜀0 for c- and
m-face, respectively [32]) and the Debye length (𝐿D) [33]. As for the
c-face GaN MOS capacitors, 𝐶–𝑉  curves shifted toward a lower voltage 
side by the dummy SiO2 process, and the 𝑉FB shift was 0.2–0.3V, 
as plotted in Fig.  2(b). On the other hand, no significant change in 
𝐶–𝑉  characteristics and 𝑉FB was observed for the m-face samples. Note 
that there was only a slight PDA temperature dependence of the 𝐶–𝑉
characteristics and 𝑉FB values.

Fig.  3 shows the bidirectional 𝐶–𝑉  curves in (a) c- and (b) m-face 
GaN MOS capacitors, varying the maximum value of the sweeping volt-
age (i.e., maximum electric field). The hysteresis of 𝐶–𝑉  characteristics 
determined by extracting 𝑉FB is plotted against the maximum electric 
field in Figs.  3(c) and (d). While larger hysteresis was observed with 
increasing the maximum field, the hysteresis was below 100mV in all 
the samples. The hysteresis under a higher electric field was reduced 
by almost half only in the c-plane GaN MOS capacitors, while almost 
no change in the hysteresis was observed for m-face.

The crystal face-dependent impact of the dummy SiO2 process was 
also found in 𝐼–𝑉  characteristics. Fig.  4 shows the current density 
through the gate dielectric (𝐽g) as a function of the oxide field (𝐸ox), 
which is defined as 𝐸ox = (𝑉 − 𝑉FB)∕𝑡ox, where 𝑡ox is the thickness 
of Al2O3. The gate current measured under a given 𝐸ox was reduced 
by adopting the dummy SiO2 process only for the c-face samples, 
while was not affected by the same process for m-face. To determine 
the conduction band offset (𝜙ox) at the GaN/Al2O3 interface, Fowler-
Nordheim (FN) tunneling current was calculated based on the following 
analytical formula [34,35], 

𝐽FN =
𝑒3𝐸2

ox
2

exp

(

−
4
√

2𝑚∗
ox 𝜙3∕2

ox

)

, (1)

16𝜋 ℏ𝜙ox 3𝑒ℏ𝐸ox

4 
Fig. 6. Flat-band voltage drift versus stress time under the electric field of 2.0 and 
4.5MV∕cm in (a) c- and (b) m-face GaN/Al2O3 MOS structures.

where 𝑒 is the elementary charge, ℏ is the Dirac constant, and 𝑚∗
ox
is the effective mass in Al2O3 (0.28𝑚0 [36]). Note that the barrier 
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Fig. 7. Flat-band voltage drift after 300 s-stress as a function of electric field in (a) c- and (b) m-face GaN/Al2O3 MOS structures.
height lowering by the image force effect was considered in the cal-
culation [34,35]. The FN tunneling current calculated by varying 𝜙ox
is plotted by the dashed lines in Fig.  4. The experimental 𝐽g–𝐸ox
characteristics for the c-wo and all the m-plane samples were well 
reproduced with 𝜙ox = 2.30–2.35 eV, while an increased 𝜙ox of 2.50 eV
was obtained for the c-face samples treated by the dummy SiO2 process.

In Fig.  5, the 𝑉FB drift caused by PBS with various electric fields 
is plotted against the stress time for the c-wo sample. 𝐶–𝑉  curves 
acquired after each stress time with the electric field of 4.0MV∕cm are 
shown as an example in the inset of Fig.  5. As seen in Fig.  5, a higher 
stress field led to a larger drift of the 𝐶–𝑉  curves, and the 𝑉FB drift by 
300 s-stress with 4.5MV∕cm was as large as 0.8V for the c-wo sample.

Then, we compared the 𝑉FB drift by 2.0 or 4.5MV∕cm-stress in the
c- and m-face GaN MOS capacitors, as plotted in Fig.  6(a) and (b), 
respectively. Fig.  7 summarizes the stress field dependence of the 𝑉FB
values in the (a) c- and (b) m-face samples. As for c-face, the 𝑉FB drift 
by high-field stress was effectively reduced by the dummy SiO2 process 
and was 0.4V in the c-900 sample, which was about a half of that in the 
c-wo sample. In contrast to the improved 𝑉FB stability by the proposed 
process for the c-face GaN MOS capacitors, almost no changes in the 
𝑉FB drift were found in the m-face sample.

Fig.  8 shows the Ga 3d core-line spectra of the (a) c- and (b) m-face 
GaN surfaces treated by the dummy SiO2 process. A fitting analysis 
with two peaks of Ga-N and Ga-O bonding was performed, and the 
peak intensity ratio of the two bonding components was characterized, 
as plotted in Fig.  8(c). Note that the binding energy of Ga-N bonding 
was 19.6 eV, and the peak value of Ga-O bonding in fitting analysis was 
given by the energy of 20.4 eV. For c-face GaN, the peak intensity ratio 
of the surface treated by the dummy SiO2 process was about 1.3 times 
higher than that of the as BHF-cleaned surface with a native oxide layer, 
indicating a thicker or denser GaO𝑥 layer on the GaN surface [31]. On 
the other hand, the peak intensity of Ga-O bonding for the m-face GaN 
surface was smaller than that of c-face after BHF treatment and was not 
changed much by the dummy SiO2 process. Thus, it is presumed that 
an m-face GaN surface has a thin native oxide and is not easily oxidized 
compared to c-face GaN.

4. Discussion

As presented above, the impact of the dummy SiO2 process is 
strongly dependent on the crystal face of GaN. Regarding electrical 
properties, an about 0.2V smaller 𝑉FB and an about 0.2 eV higher 𝜙ox
were found only for the c-face GaN/Al2O3 MOS structures treated with 
the dummy SiO2 process. Besides, XPS measurements indicated an 
increase in the thickness or an improved crystalline quality of a surface 
5 
Fig. 8. Ga 3d spectra of (a) c- and (b) m-face GaN surfaces after BHF cleaning 
(labeled as w/o) and the dummy SiO2 process. (c) XPS peak intensity of Ga-O bonding 
normalized by that of Ga-N bonding. A higher peak intensity ratio indicates a thicker 
or denser GaO𝑥 layer on the surface.

GaO𝑥 layer by the proposed process only for c-face GaN. Based on these 
results, changes in the electrical properties of the c-face GaN/Al2O3
MOS structures can be correlated with the structural change of a GaO𝑥
layer, that is, a change in the GaO𝑥 layer results in a modified surface 
energy band structure where the conduction band edge near the GaN 
surface becomes about 0.2 eV lower.

We considered whether the critical factor for the improved 𝑉FB
stability against high-field stress observed only in the c-face GaN MOS 
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Fig. 9. Flat-band voltage drift after 300 s-stress with various electric fields as a function 
of the total injected charge in c- and m-face GaN/Al2O3 MOS structures. The total 
injected charge was determined by taking the integral of the current density–stress 
time characteristics during stress. A higher stress field leads to a larger FN tunneling 
current and thereby a larger injected charge.

structures is not the reduction of oxide traps but the change in the 
energy band alignment and a reduced FN tunneling current. Thus, we 
calculated the total injected negative charge by taking the integral 
of the 𝐽g–𝑡 characteristics during PBS. Fig.  9 shows the relationship 
between the 𝑉FB drift and the total injected charge after 300 s-stress 
with various electric fields. Note that the minimum value of the injected 
charge is about 5 × 10−6 C∕cm2 due to the detection limit of the 𝐼–𝑉
measurement. As seen in Fig.  9, the 𝑉FB drift was almost uniquely 
dependent on the total injected charge, regardless of the crystal face, 
electric field, and process condition. Therefore, it turned out that the 
critical role of the dummy SiO2 process is the rearrangement of the 
energy band alignment of the c-face GaN surface associated with a 
structural change in the GaO𝑥 layer, improving the 𝑉FB stability in GaN 
MOS structures. On the other hand, the impact of PDA is not fully 
understood yet because the 𝑉FB drift after PBS was further reduced 
at a higher PDA temperature, despite PDA temperature-independent 
𝐶–𝑉  and 𝐼–𝑉  characteristics among the c-plane samples. Hence, further 
investigations, including a two-step treatment without PDA and more 
detailed structural analyses with various PDA conditions, are required 
in the future.

Since a higher conduction band offset resulting from the formation 
of a GaO𝑥 interlayer leads to a lower valence band offset, it will also 
be a subject of future study to investigate the 𝑉FB stability against 
hole injection by negative bias stress. As for GaN MOS structures, it is 
reported that a large amount of hole traps exist near the valence band 
edge [37–40], leading to a significant shift of the threshold voltage and 
𝑉FB in GaN MOSFETs by applying a negative gate voltage. While the 
origin of hole traps is not fully understood even now, several theoretical 
and experimental studies reported that a GaO𝑥 interlayer is one of 
the origins of high-density hole traps [41–44]. On the other hand, 
hole traps at a lower energy level in the gate dielectric will become 
accessible with the reduced valence band offset by the formation of the 
GaO𝑥 interlayer, which can also affect the 𝑉FB drift by hole trapping 
in GaN MOS structures. In this sense, it is important to adopt the 
proposed process for c- and m-face p-type GaN MOS capacitors (or 
6 
n-channel planar and trench MOSFETs) and to investigate the hole-
trapping behavior and its crystal face dependence, discussing based on 
the formation of a GaO𝑥 interlayer.

5. Conclusions

In summary, using a proposed surface treatment, named the dummy 
SiO2 process, the electrical properties and their crystal face dependence 
of n-type GaN/Al2O3 MOS structures were systematically investigated. 
While the proposed process was not effective on the properties of m-
face GaN MOS structures, the same process made the flat-band voltage 
smaller by 0.2–0.3V and the conduction band offset higher by 0.2 eV for
c-face GaN, resulting from a modified energy band alignment associated 
with the structural change of a surface GaO𝑥 layer. It was revealed 
that the energy band rearrangement at the GaN surface (∼ 0.2 eV) and 
about an order of magnitude smaller FN tunneling current through 
the gate dielectric are the critical factors of the dummy SiO2 process 
that contribute to an improved flat-band voltage stability against high-
field stress (> 4MV∕cm) in c-face GaN/Al2O3 MOS structures. It was 
demonstrated that even an identical process can have a different impact 
on the properties of c- and m-face n-GaN MOS structures, which should 
be an important insight toward developing the fabrication process of 
GaN planar and trench MOSFETs.
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