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ABSTRACT

Herein, we propose and demonstrate the edge termination for GaN-based one-sided abrupt p–n junctions. The structure is comprised of a
combination of a shallow negative bevel mesa and selective-area p-type doping under the mesa. Based on the Technology Computer Aided
Design (TCAD) simulation, the maximum electric field at the junction edge is markedly reduced to approximately 1.3 times that of the
parallel-plane electric field in the proposed structure, which is almost half of the unimplanted diode. The TCAD simulation also shows that
the shallow mesa angle of 6� effectively reduces the optimum acceptor concentration (Na) in the implanted region and enhances the break-
down voltage. The optimum Na value can be covered by the proposed technology based on the Mg-ion implantation and subsequent ultra-
high-pressure annealing (UHPA). Using the formation of the shallow bevel mesa, the Mg-ion implantation, and the UHPA process, we
experimentally demonstrate the p–n diodes with a breakdown voltage over 600V, which is in good agreement with the TCAD simulation.
The proposed method can be applied to a vertical trench-gate metal-oxide-semiconductor field-effect transistor with a high figure-of-merit.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039183

Over the last few years, we have witnessed the rapid evolution of
GaN-based vertical devices, which has led to unprecedented progress
in power technology.1–7 Because of the unique vertical device architec-
ture,6–8 it has been possible to significantly improve the breakdown
voltage (BV) and current density, which is difficult to realize in con-
ventional lateral GaN high-electron mobility transistors or planar
metal-oxide-semiconductor field-effect transistors (MOSFETs).9–12

For vertical power devices, one of the most important issues is the
optimization of the electric field distribution because the electric field
crowding at the device edges significantly reduces BV. To address this
problem, various edge termination structures were developed, including
field-limiting guard rings or junction termination extensions (JTEs).
These edge termination structures are well known for Si- or SiC-based
devices, but it is difficult to apply such technology for GaN-based devi-
ces owing to the inefficiency of selective-area p-type doping (below
10%).13–16 Therefore, various groups proposed an alternate junction ter-
mination method for GaN such as a moat etch termination,17 vertically
and deeply etched mesa structure,18 hydrogen plasma-based structure,19

and field plate combined with a p-type punch-through structure.20 Such

methods do not require selective area doping, but they need the specific
designs and/or complex technological processes. Therefore, realization
of ion-implanted edge termination structures for GaN would drastically
improve the flexibility of GaN-based devices and would be a crucial step
for future GaN power electronics.

A trench-gate MOSFET has the advantage of reducing the low
on-state resistance by reducing the cell pitch.3,21–26 In this structure,
the electric field crowding is caused at the edge of the p–n junction,
which consists of a p-type body layer with the acceptor concentration
(NA) around 1018 cm–3 and an n-type drift layer with the donor con-
centration (ND) around 1016 cm–3 to obtain a high BV. In such a one-
side abrupt p–n junction with a large NA=ND ratio, the simple bevel
mesa edge termination structure does not work for the electric field
relaxation.27–29 The combination with a selective area p-type doping
has been one of the effective approaches to reduce the electric field
concentration in this structure if the sufficient acceptor concentration
is obtained in the Mg-ion-implanted region.

Recently, our group achieved a high acceptor activation ratio of
Mg-ion-implanted GaN using an ultra-high-pressure annealing
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(UHPA) process.30,31 This technology is based on the high-
temperature annealing under 1GPa over the equilibrium partial N2

pressure in the phase diagram of GaN-Ga-N2, which allows annealing
without a surface degradation.32 In this study, we design the edge ter-
mination structure combining a shallow bevel mesa with a selective-
area doping for the p–n junction with a large NA=ND ratio of approxi-
mately 100 based on the TCAD simulations [see Fig. 1(a)]. We also
experimentally demonstrate BV enhancements for the proposed
diodes processed through the UHPA technique, which is consistent
with the TCAD simulations assuming acceptor activation ratios of
over 70%.

In the first step, we theoretically estimated the impact of Mg
implantation on BV for the bevel edge termination structure by means
of TCAD simulations implemented in Synopsys Software. In the simu-
lations, we used the impact ionization coefficients experimentally

extracted from the above- and sub-bandgap illuminations for a GaN-
based p–/nþ junction.33 Figure 1(a) shows the GaN-based bevel struc-
ture used in the simulations. The layered structure was designed in the
following bottom-to-top order: 7lm-thick n-type GaN drift layer
(effective donor concentration of 2� 1016 cm–3), 0.5lm-thick p-type
GaN layer (2� 1018 cm–3), and 0.1lm-thick pþGaN layer (5� 1019

cm–3). The depth of the mesa was 1.5lm, and the additionally
implanted p-GaN region was placed on the beveled area across the
boundary between the original p-GaN layer and the n-type drift layer
[see Fig. 1(a)].

Figure 1(b) shows the calculated BV as a function of the acceptor
concentration (Na) of the implanted p-type region. In the calculations,
we assumed the Na depth distribution based on the depth profile of
Mg atoms after the UHPA process reported previously30,31 [see the
inset of Fig. 1(a)]. The simulations were conducted for different bevel
angles, that is, a¼ 6�; 15�; 45�, and 75�. We found that there is an
optimal Na value for each mesa angle a. The maximum BV for a ¼ 6�

is higher than that for a¼ 15�; 45�, and 75�.
To understand this trend, in Figs. 2(a)–2(c), we present the cross-

sectional electric field distribution in the device (at a¼ 6�) under BV
conditions, where the electric field (E) reaches a critical value of
GaN.27 Note that the structure without the implanted p-type region,
i.e.,Na¼ 0, exhibits a highly concentrated electric field at the p–n junc-
tion near the bevel surface [see Fig. 2(a)], which strongly limits BV to
401V. In contrast, in the case of the optimum doping level, corre-
sponding to an Na value of 2� 1017 cm–3, the electric field becomes
relaxed, i.e., the electric field exhibits two maxima: the first one is
located at the p–n junction (close to the bevel surface) and the second
inside the implanted p-type region [Fig. 2(b)]. Such a distribution of
the electric field leads to a remarkable increase in BV up to 730V
[see Fig. 2(b)]. When Na is significantly high, for example, reaches
5� 1017 cm–3 [see Fig. 2(c)], the electric field becomes strongly local-
ized at the outer border in the implanted region, and therefore, BV is
significantly reduced to 513V [Fig. 2(c)]. Figure 2(d) plots the electric
field distribution normalized by the parallel-plane electric field (EPP)

along the p–n junction defined as:27 EPP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eðVd�BVÞNA�ND

esðNAþNDÞ

q
, where Vd

and es are the built-in potential and dielectric constant, respectively.
For the optimal Na ¼ 2� 1017 cm–3, the maximum electric field
(Emax) is approximately 1.3 times higher than that of the parallel-plane
field (EPP), whereas the maximum field reaches 2.2 times of EPP in the
unimplanted diodes, as shown in Fig. 2(d). Note that the optimal Na

value is reduced for the shallower a, as shown in Fig. 1(b). It should be
emphasized that the optimal Na ¼ 2� 1017 cm–3 for a¼ 6� is avail-
able in the present Mg-ion implantation technology using UHPA.30,31

Moreover, the BV value increases with the decreasing bevel angle
owing to the electric field relaxation via the shallow bevel. Thus, we
can design an effective edge termination by combining the shallow
bevel with selective-area p-type doping. To remove the remaining elec-
tric field crowding in the optimal condition in Fig. 2(b), the application
of an additional outer p-region such as JTE is necessary.

Next, the impact of theNa vertical depth profile on BVwas inves-
tigated (the impact of the lateral width of the implanted p-type region
on BV can be negligible (see the supplementary material]. Here, the
addition of the box-shaped region with a depth of xd to the optimal
condition in Fig. 1(b) was assumed to be constant and equal to
2� 1017 cm–3, while the profile below the box region was based on

FIG. 1. Schematic of the beveled-mesa structure with the implanted p-type region (a)
and calculated dependencies of the breakdown voltage on the acceptor concentration
(Na) of the implanted p-type region at x¼ 0 in the case of a¼ 6�; 15�; 45�, and 75�

(b). The inset in Fig. 1(a) shows the Na depth distribution (according to the SIMS profile
of Mg ions obtained in the UHPA process) assumed in the calculations.
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the homologous shape of the Mg diffusion profile obtained from the
previous experiment.30,31 Note that when xd¼ 0.2lm, the Na depth
profile was the same as that in the inset of Fig. 1(a). The simulations
were performed for the bevel angle of a¼ 6�. Figure 3 shows the calcu-
lated BV as a function of xd. Note that there exists an optimal xd value
for which a high BV can be realized. For xd¼ 0, the electric field exhib-
its only two peaks, as shown in Fig. 2(b), where the electric concentra-
tion near the surface is higher than that of the bottom peak. For an
excessively large xd (for example, xd¼ 0.6lm), the electric field is

significantly concentrated at the outer border in the implanted region,
as shown in the inset of Fig. 3, resulting in a reduction of BV to 700V.
For the optimal condition of xd¼ 0.3lm, the electric field concentra-
tion is equally distributed to the bevel surface and the outer border, as
seen in the inset of Fig. 3, which results in the highest BV of 763V.
Therefore, by optimizing the depth of the box-shaped region xd, it is
possible to improve BV.

To experimentally demonstrate the simulated edge termination,
we fabricated vertical p–n diodes withMg-implanted bevel edge termi-
nation annealed through the UHPA process.30,31 The layered structure
of a p–n diode was grown by metalorganic vapor phase epitaxy on a
free standing n-type GaN (0001) substrate and was composed of a
7-lm-thick n-GaN drift layer doped with silicon, a 0.45-lm-thick
p-GaN layer doped with an Mg concentration of 2� 1018 cm–3, and a
0.1-lm-thick pþ-GaN layer doped with an Mg concentration of
1019 cm–3 as obtained from the SIMS profile. The effective donor con-
centration of the drift layer was estimated to be 2:4� 1016 cm–3 by
capacitance–voltage (C–V) measurements. The compensation ratio of
the drift layer was estimated from SIMS measurements as
[C]/[Si]¼ 0.15, where [Si]¼ 2� 1016 cm–3. The bevel mesa is formed
by the thermal reflow process of the photoresist and the subsequent
Cl2-based inductively coupled plasma reactive ion etching.27 The opti-
mized process allowed for the formation of a shallow bevel angle of
around 6� with the standard deviation of þ/-1o. The BV changes cor-
responding to such variations of the bevel angle are equal to 50V
according to TCAD simulations (see the supplementary material).
Next, the Mg ions were implanted at room temperature with ion ener-
gies of 20, 45, 90, 150, 240, and 430 keV and dosages, where two diodes
with different total dosages were prepared, as summarized in Table I.
It should be noted that the Mg implantation process was performed

FIG. 2. Two-dimensional electric field distribution in the beveled-mesa structure: without
p-type region Na¼ 0 (a), Na ¼ 2� 1017 cm–3 (b), and Na ¼ 5� 1017 cm–3 (c). The
line at x¼ 0 indicates the p–n junction interface. Figure 3(d) shows the electric field dis-
tribution along the x¼ A line normalized to the parallel-plane peak field, EPP.

FIG. 3. Calculated dependencies of BV as a function of xd parameter. The insets of
Fig. 3 show the electric field distribution in the case of xd¼ 0.3lm and
xd¼ 0.6lm. The brown line in the electric field distribution indicates the p–n junc-
tion. Note that the shape of the bottom corner of the p–n junction changes markedly
with the increasing xd parameter. This is due to the deeper location of the p–n junc-
tion with increasing xd.
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without using a protection film of the GaN surface. Subsequently, we
conducted UHPA under an N2 pressure of 1GPa at a temperature of
1400 �C for 15min. Details of the UHPA process can be found in Refs.
22 and 23. Figure 4 shows the Mg profile estimated by SIMS after the
activation and diffusion of Mg atoms through the UHPA process.
From this figure, we estimated the width of the Mg box profile to be
0.4lm and the average Mg concentration to be 3� 1017 cm–3 (sample
I) and 5� 1017 cm–3 (sample II). In this context, it should be empha-
sized that the Mg concentration in the lateral direction has a similar
distribution as in an epitaxially grown layer. This is a quite different
situation from that in the vertical direction case where the Mg distri-
bution is strongly determined by the defect-enhanced diffusion pro-
cess.7,31 Essentially, the Ni/Au and Ti/Al/Ni/Au metal contacts were
deposited on the pþ GaN layer and substrate, respectively. More
details about the fabrication process of the beveled-mesa structure can
be found in Refs. 27 and 33. No surface degradation was observed in
the fabricated diodes as optical microscopy showed.

Subsequently, the reverse current–voltage (I–V) measurements
were carried without using the fluorinert medium. Based on the exam-
ination of the large number of diodes, BV values of unimplanted
diodes were limited to 4506 40V, as shown by the red solid line in
Fig. 5. For Diodes I and II withMg-implanted termination, the BV val-
ues were significantly enhanced up to 650V6 50 V (see Fig. 5).
Furthermore, the leakage currents were drastically reduced in the Mg-
implanted diodes. Moreover, for comparison, we prepared the bevel
structures with SiO2 surface passivation. However, we did not observe

any significant effect of SiO2 passivation on BV. The improvement in
BV due to Mg implantation is in accordance with the simulation pre-
dictions [Fig. 1(b)], although there was little difference in BV for dif-
ferent Mg concentrations between samples I and II.

To understand these results, we calculated the I-V characteristics
of the fabricated diodes and compared them with the experimental
ones, as shown in Fig. 5. In the simulations, we assumed the Na depth
profiles according to the Mg SIMS profile shown in Fig. 4 (to obtain
the Na profile, we multiplied the Mg depth profile from Fig. 4 by the R
factor, which is the activation ratio of Mg in the UHPA process,
Na ¼ R � ½Mg�). First, it should be noted that the I-V curves cannot be
fitted using the same R value for both samples. For example, assuming
R¼ 93% (the best fitted value for sample I), we obtained that sample
II should exhibit a BV of 526V, as shown in Fig. 5, which is much
lower value than that experimentally observed (650V). This fact
results directly from the trend shown in Fig. 1(b). Namely, sample II
has [Mg]¼ 5� 1017 cm–3 (see Fig. 4), and thus assuming R � 100%,
we have from Fig. 1(b) BV � 500V (for Na � 5� 1017 cm–3). On the
other hand, the measured I-V characteristics can be well reproduced
by the calculated ones for both the unimplanted and implanted diodes
if we assume different R values between samples I and II, i.e., for sam-
ple I, R¼ 93% and for sample II, R¼ 70%. It should be noted that the
R value is determined by the compensation via donor-like defects
(Nd), which can be introduced by the ion implantation damage [Mg].
Due to this fact, the acceptor concentration Na should be expressed as
Na ¼ R � ½Mg� � Nd � R�Mg, where R� is the effective R factor,
which involves Nd. At present, we cannot separate the Nd value from
Na. However, our previous study indicated that the Nd/Na value was in
the range from 10% to 30%.30,31,34 Since the Nd value can be increased
by the higher implantation dosage [Mg], this explains the lower R�

value for sample II (70%) compared to sample I (93%). This also
means that both samples can have a very similar Na value (in Sample
I: Na ¼ 0:93� 3� 1017 cm–3¼ 2:8� 1017 cm–3 and in sample II:
Na¼ 0:7� 5� 1017 cm–3¼ 3:5� 1017 cm–3), which clarifies why we
did not observe a strong dependence of BV onNa. Furthermore, the ideal
BV for a one-side abrupt p–n junction with ND ¼ 2:4� 1016 cm–3 is
estimated to be 842V.27 Therefore, the ratio Emax=EPP for implanted
diodes can be roughly estimated to be 842V/(6506 50) V¼ 1:2 	 1:4,
while that for unimplanted diodes is 842V/(4506 50) V¼ 1:7 	 2:1.

TABLE I. Summary of Mg-ion implantation conditions used in two p–n diodes. Mg
ions were implanted using multiple energies to obtain 0.4 lm-depth box shape
profiles.

Energy (keV) Mg dosage I (cm–2) Mg dosage II (cm–2)

20 3:5� 1011 5:8� 1011

45 8� 1011 1:3� 1012

90 1:5� 1012 2:5� 1012

150 2:2� 1012 3:7� 1012

240 4� 1012 6:7� 1012

430 1:1� 1013 1:8� 1013

Total 2� 1013 3:3� 1013

FIG. 4. 0.4 lm box profile of Mg concentrations obtained from SIMS for samples I
and II.

FIG. 5. Experimental (points) and theoretical (dashed lines) reverse I–V character-
istics for unimplanted and implanted bevel diodes. Theoretical curves for implanted
diodes were calculated assuming R¼ 93% (samples I and II) and R¼ 70%
(sample II).
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This is consistent with the theoretical calculations of the electric field dis-
tribution along the p–n junction [see Fig. 2(d)], which supports the accu-
racy of our analysis.

Finally, it should be highlighted that our analysis is based on the
assumption that the breakdown occurs mainly due to the impact ioni-
zation process. In order to support this assumption, we performed the
temperature-dependent reverse-bias I–V measurements for the Mg-
implanted diode (see Fig. S3 in the supplementary material). We
observed a shift of BV toward higher voltages with temperature, which
can be a signature of the avalanche breakdown. Nevertheless, we can-
not entirely exclude other possible causes of the breakdown like, for
example, V-shaped defects (pits).

In conclusion, we designed, fabricated, and characterized the
one-side abrupt p–n junction diodes with Mg-implanted shallow bevel
edge termination for high-power device applications. The TCAD sim-
ulations showed that the optimization of the acceptor concentration
and effective depth in the implanted region effectively suppresses the
electric field crowding at the bevel mesa edge. Furthermore, the shal-
low bevel angle reduced the optimal acceptor concentration to the level
that was available in the present Mg-ion implantation technology
based on the UHPA process. The diodes with Mg-implanted bevel ter-
minations enhanced the breakdown voltage and suppressed the leak-
age current compared with the unimplanted diodes, indicating
effective electric field relaxation. Assuming an Mg activation ratio of
more than 70% in the implanted region, TCAD simulations repro-
duced the reverse bias characteristics obtained from the experiment.
The highly effective selective-area p-type doping in the bevel mesa
structure is a crucial step for future GaN power electronic devices.

See the supplementary material for the additional analysis of the
impact of the standard deviation of the bevel angle of 6� and the lateral
width of the implanted p-type region on BV of the bevel structure and
temperature-dependent I–V characteristics of the Mg-implanted diode.
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