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ABSTRACT
An interface state density (Dit) distribution near the conduction band edge (EC) at the Al2O3/Mg-ion-implanted GaN interface was mea-
sured after ion implantation, annealing with an AlN protective cap, and cap layer removal. Mg ions were implanted into n-GaN with a Si
concentration of 6 × 1017 cm−3 at a maximum Mg concentration of 2 × 1017 cm−3, resulting in the maintenance of the n-type conduction
in GaN even after the activation of Mg dopants. Activation annealing was carried out at 1250 ○C for 1 min using an AlN cap layer. The
complete removal of the AlN cap layer was accomplished by wet etching, which was confirmed by x-ray photoelectron spectroscopy. The
photoluminescence spectrum showed donor–acceptor-pair emission after annealing, indicating the activation of Mg acceptors. By applying
the capacitance–voltage method to a completed metal–oxide–semiconductor diode, we derived a continuous distribution of relatively low Dit
below 5 × 1012 cm−2 eV−1, which increased monotonically toward EC in the range from EC − 0.15 to EC − 0.45 eV. Compared with the Dit
distribution of the as-implanted sample, the density of the discrete level at EC − 0.25 eV generated by divacancies markedly decreased upon
1250 ○C annealing.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0117321

I. INTRODUCTION

GaN has a wide bandgap (3.4 eV),1 high breakdown field
(3.3 MV/cm),2 high electron mobility (1000 cm2/V s),1 high satu-
ration electron velocity (2.6 × 107 cm/s),3 and good thermal con-
ductivity (2.1 W/cm ○C).1 Therefore, GaN is a promising material
for fabricating highly efficient power electronic devices. In addi-
tion, the metal–oxide–semiconductor (MOS) structure formed on
a GaN-on-GaN layer exhibits excellent properties.4–7 Therefore, we
can expect the realization of high-efficiency high-power MOS field-
effect transistors (FETs) with the advantageous properties derived
from GaN. To fabricate a MOSFET, ion implantation is a useful
method for selective doping. However, this method is not fully estab-
lished for GaN. In particular, Mg ion implantation for forming
p-type GaN was difficult in the past. Recently, the successful fab-
rication of p-type GaN by Mg ion implantation has been achieved

by many researchers. The key factor of this achievement is appropri-
ate annealing at a high temperature. To the best of our knowledge,
the first successful fabrication was achieved by specific rapid ther-
mal annealing (RTA) under a nitrogen overpressure of 2 MPa with
sequential pulse heating up to 1400 ○C to activate Mg acceptors;
this method was referred to as multicycle RTA and developed to
become symmetric multicycle RTA.8–11 The fabrication was also
realized in an ordinary furnace in which annealing at a temperature
higher than 1230 ○C in atmospheric pressure nitrogen was found to
activate the implanted Mg acceptors.12–15 Furthermore, ultrahigh-
pressure annealing (UHPA) in 1 GPa nitrogen has been performed
at temperatures up to 1480 ○C, resulting in a high Mg activation
rate of 70%.16 On the other hand, deep levels and defects gener-
ated by Mg ion implantation and subsequent annealing have been
studied in detail by electrical measurements and positron annihila-
tion spectroscopy (PAS).17–25 Nevertheless, the interface states near
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the conduction band edge (EC) at the insulator/Mg-ion-implanted
GaN interface after the annealing for Mg acceptor activation have
not been investigated, although they might affect the performance
of inversion-type n-channel MOSFETs. In particular, after Mg ion
implantation before activation annealing, divacancy defects con-
sisting of nitrogen vacancies (VN) and gallium vacancies (VGa),
i.e., VNVGa, were mainly detected by PAS and found to gener-
ate gap states at EC − 0.25 eV.21 After Mg activation, however,
the reduction in density of these states has not been confirmed.
Since electrical detection of the gap states near EC is difficult using
p-GaN MOS diodes owing to the long time constant of the gap
states for majority carriers and also the absence of minority carri-
ers in wide-gap material, n-GaN MOS diodes should be used for the
investigation.

In this work, we investigated the gap state density (DT)
distribution near EC at insulator/Mg-ion-implanted GaN formed
after high-temperature annealing for Mg acceptor activation, using
n-type GaN with low-dose Mg ion implantation, to confirm the
reduction in the density of the defects generated by the implan-
tation and to assess the process-damage-related interface disorder.
Here, the gap states include the interface states and near-surface bulk
defect states. As an insulator layer, the Al2O3 layer formed by atomic
layer deposition (ALD) was used because it has been reported that an
excellent insulator/n-type GaN interface can be obtained with this
layer.4,5

II. EXPERIMENTAL PROCEDURE
The MOS diode preparation sequence is illustrated in Fig. 1.

An n-type GaN epitaxial layer with a Si donor concentration (ND) of
6.0 × 1017 cm−3 and a thickness of 3 μm was grown by metal–organic
vapor phase epitaxy (MOVPE) on a free-standing n+-GaN (0001)
substrate. Mg ions were implanted at an energy of 50 keV and a
dose of 1.5 × 1012 cm−2 with the incident angle of 7○ to the nor-
mal incidence. The maximum Mg concentration was calculated to be
2 × 1017 cm−3 at a depth of 50 nm on the basis of the “stopping
and range of ions in matter (SRIM)” computer code. Thereafter, a
200-nm-thick AlN cap layer was deposited by the sputtering method
onto the top surface, while the back surface was not coated because
the N-face is highly thermally stable even at 1230 ○C.14 The anneal-
ing for Mg acceptor activation was performed at 1250 ○C for 1 min in
atmospheric pressure nitrogen flow. After annealing, the AlN cap
layer was removed by wet etching using tetramethylammonium
hydroxide (TMAH) at 80 ○C for 2 h. Since this etching is reported
not to etch the GaN (0001) surface markedly,26 we expected that
the damage to the GaN surface should not be severe as shown
later. During this wet etching with TMAH, the back surface was not
protected because this side is used only for a large-area (chip size:
7 × 7 mm2) ohmic contact, which is not deteriorated by the etch-
ing of the thick n+-GaN substrate. Next, the sample was treated
with a solution of HF:H2O = 1:1 prior to the formation of the
30-nm-thick Al2O3 layer by ALD at 300 ○C using trimethylalu-
minum and H2O. The MOS structure was completed by the metal-
lization of the Ni/Au circular top electrode (diameter: 300 μm) and
the Ti/Au back ohmic contact. Finally, post-metallization anneal-
ing (PMA) was carried out at 300 ○C for 3 h in laboratory air
to minimize the interface state density according to the previous
reports4,5 describing that the interface disorder at the Al2O3/GaN

FIG. 1. Schematic diagram of sample fabrication sequence.

interface is reduced by PMA in laboratory air and in atmospheric
pressure nitrogen flow. The completed MOS diode was examined by
capacitance–voltage (C–V) measurements. The complete removal
of the cap layer by wet etching with TMAH was confirmed by
x-ray photoelectron spectroscopy (XPS) using an Al-Kα x-ray source
(1486.6 eV). Before XPS, each sample was treated with HF:H2O = 1:1
to reduce the surface oxide. Photoluminescence (PL) measurement
of as-implanted and annealed samples was conducted at 10 K using
a He–Cd laser source.

III. RESULTS AND DISCUSSION
The complete removal of the AlN cap layer after annealing was

confirmed by XPS. Figure 2 shows the Al 2p spectra obtained after
the etching of the AlN/GaN samples annealed at 1250 ○C in compar-
ison with that obtained for as-deposited thick AlN. Although etching
at room temperature (RT) using a KOH solution was attempted,
the Al 2p spectrum was detected even after etching for 72 h. By
comparing the Al 2p spectra of the samples with 24 and 72 h
KOH etching, we found that extending the etching time was not
effective. Therefore, the annealed AlN was not completely removed
by RT KOH etching. Presumably, the crystallization of the AlN
layer upon annealing occurred to make this layer robust to RT
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FIG. 2. XPS results for samples after various AlN cap layer removal processes
performed subsequently to cap annealing.

KOH etching, especially near the interface. On the other hand,
we found that etching with the TMAH solution at 80 ○C for 2 h
was effective in removing the AlN cap layer completely as shown
in Fig. 2.

Figure 3 shows the Mg concentration [Mg] and Si concen-
tration [Si] profiles measured by secondary ion mass spectroscopy
(SIMS) for annealed GaN after implantation with the SRIM simula-
tion results for [Mg] in the as-implanted GaN. The maximum [Mg]

FIG. 3. [Mg] and [Si] profiles. Solid circles and rectangles show the SIMS [Mg]
and SIMS [Si] profiles, respectively, for the Mg-implanted GaN after annealing at
1250 ○C. (The AlN cap layer was removed before SIMS.) The broken line indicates
the SRIM simulation result for the as-implanted GaN.

is well estimated by SIMS, although the channeling tail can be seen in
the SIMS profile. The increases in [Mg] and [Si] toward the surface
were due to surface contamination as usually seen in SIMS analy-
sis. The maximum [Mg] was ∼2 × 1017 cm−3 at around a depth of
40 nm. This concentration was well below [Si] of 6 × 1017 cm−3,
which indicates that the n-type conduction was maintained even
after annealing, enabling the investigation of the interface states
near EC.

PL spectra of Mg-ion-implanted GaN obtained at 10 K before
and after annealing with the AlN cap layer are plotted in Fig. 4. Upon
annealing, emissions with distinct regular spacing (90 meV) at 3.27,
3.18, 3.09, 3.00, and 2.91 eV were observed. In previous reports,27,28

these emissions have been attributed to donor–acceptor pair (DAP)
emissions with phonon coupling. Therefore, these emission spec-
tra indicated that the Mg acceptors were activated. However, the
green luminescence (GL) at around 2.2 eV also became significant
upon annealing, indicating that the defects generated by ion implan-
tation still existed. This result is in good agreement with previous
reports.8,16,29,30 VN-related defects are reported to be the origin of
GL.16,22,23,29 We will discuss on this later.

Figure 5(a) shows the C–V characteristics of the completed
MOS diode with Mg-ion-implanted GaN after annealing. A small
hysteresis and a distinct frequency dispersion can be seen, which
indicates a non-negligible density of interface states near the con-
duction band edge. Even though the acceptor concentration (NA)
was well below ND, the doping profile should have been nonuni-
form, especially near the surface, if the acceptors were activated. In
Fig. 5(b), the ND − NA profile derived from the 1 MHz C–V curve is
plotted in the depth range corresponding to the surface Fermi level
range where the interface states cannot respond to the bias sweep.
In Fig. 5(b), the [Mg], [Si], and ND − NA profiles expected for the
100% activation of Mg acceptors as a benchmark are also plotted.
Here, to exclude the effect of the surface contamination in the SIMS
[Si] profile, the expected profile was calculated by subtracting SIMS

FIG. 4. PL spectra of Mg-implanted GaN before and after cap annealing at
1250 ○C.
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FIG. 5. (a) C–V characteristics of completed MOS diode. The thin black line indi-
cates the C–V curve measured from the positive bias side to the negative bias
side only for the 1 MHz curve to show the hysteresis, while the thick lines indicate
the curve measured in the opposite direction. (b) ND − NA profiles derived from
1 MHz C–V curve (solid line). The SIMS [Mg] (solid circles) and [Si] (solid rectan-
gles) profiles in Fig. 3 appear again. The ND − NA profile calculated for the 100%
activation of Mg acceptors is also plotted (solid triangles).

[Mg] from 6.0 × 1017 cm−3. In the depth range where the effect of
the surface contamination is negligible, the accuracies are 1.5 × 1016

and 8 × 1015 cm−3 for [Si] and [Mg], respectively, while the accu-
racy of ND − NA is 1 × 1016 cm−3. Although the SIMS profile is
affected by the surface contamination in the near-surface region, the
maximum value of [Mg] is in good agreement with the SRIM simu-
lation result as shown in Fig. 3. Empirically, the SIMS [Si] profile is
severely affected by the surface contamination presumably because

the molecule with the same mass number, e.g., CO, can be supplied
easily from the atmosphere, while the [Mg] profile is less affected.
Therefore, we believe that the effect of the surface contamination
on [Mg] is significant only at small depths, and that [Mg] can be
safely used for estimating the expected ND − NA profile in the plot
range in Fig. 5(b). The discrepancy between the measured and cal-
culated ND − NA profiles at a depth smaller than 80 nm can be
explained by assuming a low activation rate. However, the deviation
at a depth larger than 80 nm cannot be explained without assuming
acceptor-like defects. The origin of this deviation will be discussed
later.

Since the donor profile is not uniform, the application of the
Terman method, which is frequently used because it is convenient
to apply, is inappropriate for evaluating the Dit distribution. In this
case, the high–low-frequency capacitance method might be useful.

Let us examine whether we can apply the high–low-frequency
capacitance method to 1 MHz and 1 kHz C–V curves to derive the
Dit distribution near EC. In this method, Dit is derived from the
high-frequency-limit capacitance CHF and the low-frequency-limit
capacitance CLF according to31

Dit =
1
q2 ((

1
CLF
− 1

COX
)
−1
− ( 1

CHF
− 1

COX
)
−1
), (1)

where COX is the oxide capacitance. Here, the position of the surface
Fermi level EFS corresponding to V was calculated by solving31

EFS − EC = ∫
V

V0

(1 − CLF

COX
)dV , (2)

where V0 is the voltage for strong accumulation. The most impor-
tant point in the application of this method is that 1 kHz and 1 MHz
curves can be treated as low- and high-frequency limits, respectively.
As the first approximation, the single-time-constant model can be
applied to interface states, although the statistical distribution of
time constants28 should be considered rigidly. Namely, the time con-
stant τit of an interface state for electrons is equal to the electron
emission time constant of an electron trap17,32,33 and is given by

τit =
1

σnvthNC
exp(EC − Eit

kT
), (3)

where σn is the capture cross section of the interface state for elec-
trons, vth is the thermal velocity of electrons, NC is the effective
density of states at EC, Eit is the energy for the interface state, k
is the Boltzmann constant, and T is the temperature. Examples of
calculation results of fit = 1/τit as a function of Eit for different
σn values are shown in Fig. 6. Although the energy dependence
of σn has been measured for the insulator/Si interface,34 we can-
not find a similar result for the Al2O3/GaN interface. Usually, for
various insulator/semiconductor interfaces, however, σn is assumed
to be constant in the entire bandgap without an energy-dependent
variation.35–39 In particular, the exponential dependence of τit on
energy in the GaN bandgap has been measured for the SiN/GaN
interface and has been explained well by assuming that σn is constant
in the bandgap.35 According to previous reports, σn of 1 × 10−16 cm2

can explain reasonably the properties of the Al2O3/GaN interface,39

whereas σn of 2.4 × 10−17 cm2 has been measured for the SiN/GaN
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FIG. 6. Plot of fit = 1/τit as a function of Eit for different σn values.

interface.35 Therefore, assuming σn to be constant in the range of
10−15 to 10−17 cm2 is appropriate. Considering the possible range of
σn, the interface states between EC − 0.15 and EC − 0.45 eV can be
derived from the C–V curves at measurement frequencies between
1 kHz and 1 MHz.

Regarding the 1 kHz and 1 MHz capacitances as CLF and CHF ,
respectively, we derived the Dit distribution in the range near EC
between EC − 0.15 and EC − 0.45 eV. The result is shown in Fig. 7
with the previously reported data21 for the MOS diode formed with
as-implanted GaN. Here, the density is denoted as DT because the
density of near-surface bulk defect states is included in the quoted
data for the as-implanted sample. It can be seen that the discrete
level around EC − 0.25 eV observed for the as-implanted sample
decreased by more than one order upon post-implantation anneal-
ing at 1250 ○C, resulting in a continuous density distribution that
is generally measured for interface states. The relatively low DT in
the range between EC − 0.15 and EC − 0.45 eV indicates that the
damage caused by TMAH etching to remove the AlN cap layer
was not severe. If the surface of Mg-implanted GaN after activa-
tion annealing is etched roughly with TMAH at near-surface defects,
the interface disorder should have been severer, resulting in a higher
DT . On the contrary, there is a possibility that the TMAH treatment
reduces DT by smoothing the GaN surface or the interface, leading
to the reduction in disorder at the interface. At a deeper point, DT
seems to be lower at least in the range of 1011 cm−2 eV−1. There-
fore, even a further reduction in DT is possible by optimizing the
fabrication process for the MOS structure.

According to the disorder-induced-gap-state model, the inter-
face states originate from the disorder of the chemical bonds at
the interface and the Dit distribution should be continuous and
U-shaped in the entire bandgap.40 However, a discrete level can
be detected when the bulk defect level exists in the vicinity of
the interface.41,42 Since the concentration of the defects generated
by implantation becomes maximum at the GaN surface even after

FIG. 7. Dit distributions at the ALD Al2O3/GaN interface formed with as-implanted
GaN and that formed after activation annealing at 1250 ○C. Data for the as-
implanted sample are taken from our previous report. Taken with permission from
Akazawa et al., Jpn. J. Appl. Phys. 60, 016502 (2021). Copyright 2020 The Japan
Society of Applied Physics.

annealing,21–25 the defect levels might be detected by using MOS
diodes. In the present results, however, only a continuous DT distri-
bution due to the interface disorder was detected near EC, while no
discrete levels due to near-surface defects were detected for the sam-
ple after activation annealing. This indicates that any defect levels
did not affect the evaluation of DT in the energy range from EC − 0.15
to EC − 0.45 eV. Therefore, we can conclude that the Dit distribution
was obtained for the annealed sample. According to our previous
report,21 the discrete level at around EC − 0.25 eV observed for the
as-implanted sample shown in Fig. 7 was assigned to VNVGa defects.
Therefore, the present results indicate that the VNVGa defects at
the GaN surface were markedly reduced by activation annealing at
1250 ○C. It has been reported that VN and VGa agglomerate to form
large complex defects upon annealing at a temperature similar to
that in the present work, although VNVGa is the main defect species
in the as-implanted GaN.22–25 The residual near-surface bulk defect
level seems to locate outside of this energy range, which might indi-
cate that the agglomeration of defects changed the energy of defect
level from EC − 0.25 eV of VNVGa divacancies to outside the range
between EC − 0.15 and EC − 0.45 eV.

The measured ND − NA profile shown in Fig. 5(b) has been
derived from the C–V curve in which the bias voltage was swept
from the positive side to the negative side, within the range of
the surface Fermi level located below EC − 0.8 eV. The emission
time constant of the interface states is given by the same formula
as Eq. (3). Since the emission time constant of the interface states
distributed below EC − 0.8 eV should be much longer than 100 s
with σn smaller than 10−15 cm2, the response of the interface states
cannot follow the DC bias change (50 mV/s). If the emission of elec-
trons from the interface states and near-surface bulk defect levels
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affects the C–V curve, the curve should have been stretched out and
ND − NA higher than that obtained within the detection range
should have been derived. However, ND − NA decreased at around
the depth of 100 nm. This indicates that the effects of the interface
states and near-surface bulk defect levels were negligible in the evalu-
ation of the ND −NA profile, and that the donors were compensated
for. In Fig. 5(b), the measured ND − NA profile deviates from the
calculated profile assuming 100% activation of Mg acceptors. At the
end of the implanted region, the deviation cannot be explained with-
out assuming acceptor-like defects as described previously. There
is a possibility that the origin of deviation is “the agglomeration of
vacancy-type defects in the subsurface region” described in Ref. 23,
although further studies are needed to confirm this.

On the other hand, VN generates a defect level at EC − 0.07 eV.43

Since the detection range in this work is between EC − 0.15 and
EC − 0.45 eV, the VN defect level was outside the detection range.
Therefore, there is a possibility that VN remained even after anneal-
ing as reported previously.16,22,23,29 The present results do not con-
tradict the previous reports,16,22,23,29 suggesting that the GL is caused
by VN-related defects.

IV. SUMMARY
The Dit distribution near EC at the interface between ALD

Al2O3 and Mg-ion-implanted GaN formed after activation anneal-
ing using the AlN cap layer and the subsequent cap layer removal
has been measured. Mg ions were implanted lightly into n-GaN with
the n-type conduction in GaN maintained even after the activation
of Mg acceptors. Activation annealing was carried out at 1250 ○C
for 1 min using a 200-nm-thick AlN cap layer. XPS showed that
the AlN cap layer was completely removed by wet etching using
TMAH at 80 ○C for 2 h. After annealing, the PL spectrum showed
DAP emission with phonon coupling, which indicated the recov-
ery from the implantation damage. The C–V characteristics of the
completed MOS diode exhibited a non-negligible frequency disper-
sion. By applying the high–low-frequency capacitance method to the
measured 1 kHz and 1 MHz C–V characteristics, we derived a con-
tinuous distribution of Dit monotonically increasing toward EC in
the range from EC − 0.15 to EC − 0.45 eV. Compared with the Dit
distribution of the as-implanted sample, the density of the discrete
level at EC − 0.25 eV generated by VNVGa markedly decreased upon
1250 ○C annealing.
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