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We report a kV class, low ON-resistance, vertical GaN junction barrier Schottky (JBS) diode with selective-area p-regions formed via Mg
implantation followed by high-temperature, ultra-high pressure (UHP) post-implantation activation anneal. The JBS has an ideality factor of 1.03, a
turn-on voltage of 0.75 V, and a specific differential ON-resistance of 0.6 mΩ·cm2. The breakdown voltage of the JBS diode is 915 V, corresponding
to a maximum electric field of 3.3 MV cm−1. These results underline that high-performance GaN JBS can be realized using Mg implantation and
high-temperature UHP post-activation anneal. © 2022 The Japan Society of Applied Physics

G
aN is poised to be the material of choice for kV-class
power electronics due to its wide bandgap, high
saturation velocity, and high critical electric field.1,2)

In comparison to planar GaN power devices, vertical GaN
devices are capable of achieving higher breakdown voltages
and current levels with smaller chip areas while also
benefitting from the high thermal conductivity of the bulk
substrates and thus a superior thermal management.1,2)

Due to their low turn-on voltage and fast switching speed,
the Schottky diodes are attractive for high-power applica-
tions. However, they suffer from a high electric field near the
surface metal contact, which increases the leakage current
and reduces the breakdown voltage. In the p–n diode, the
peak of the electric field is, in contrast, pushed into the bulk,
which provides ideal avalanche breakdown behavior, but at
the cost of a higher turn-on voltage. Ideally, the junction
barrier Schottky (JBS) diode should combine the low turn-on
voltage and ON-resistance properties of a Schottky barrier
diode and towards avalanche breakdown characteristics of
the p–n junction diode.
A major technological hurdle for vertical GaN JBS diodes is

selective area p-type doping. As in Si and SiC, ion implanta-
tion is the preferred method for achieving this selectivity.
However, activating the implanted Mg needs high tempera-
tures that often results in surface deterioration due to GaN
decomposition. To address this issue, several annealing
techniques have been investigated.3–8) Using a symmetrical
multi-cycle rapid thermal annealing (SMRTA) process with a
sputtered AlN capping layer, Zhang et al. reported vertical
GaN JBS with RON of 1.7 mΩ·cm2 and BV of 600 V.9)

Recently, Zhou et al. demonstrated quasi-vertical GaN JBS
diodes with RON of 2.75 mΩ·cm2 and BV of 838 V using
single-step annealing with a SiO2 capping layer.10) Compared
to these annealing approaches, the ultra-high pressure an-
nealing (UHPA) technique not only avoids the use of a
capping layer but also enables superior Mg activation
efficiency.11–15) However, its implementation in JBS diodes
has not been demonstrated.
In this work, we report on high-performance vertical GaN

JBS diodes using the UHPA technique. The JBS diode still
shows typical Schottky barrier characteristics in forward bias

exhibiting record-low ON-resistance in combination with
excellent material quality. On the other hand, the JBS diode
showed a record-high breakdown voltage, identical to the p–n
junction on the same wafer. No noticeable degradation was
observed in the monolithic integration of both Schottky and
p–n device architectures on the identical material.
A 5 μm thick n−-GaN epilayer was grown using a vertical,

cold-wall, radio frequency (RF) heated, low-pressure metalor-
ganic chemical vapor deposition (MOCVD) reactor on an
ammonothermal n+-GaN substrate.16) Details of the growth
conditions can be found elsewhere.17) The net carrier
concentration (ND–NA) of the n

−-GaN drift layer was extracted
to be ∼1.3× 1016 cm−3 using capacitance–voltage (C–V )
measurements at 1MHz.18) To achieve a shallow box
profile (∼100 nm) of implanted Mg at a concentration of∼2×
1019 cm−3, a two-step implantation process with ion energies
of 75 keV and 25 keV and corresponding doses of
2× 1014 cm−2 and 4.4× 1013 cm−2, respectively, were used
with a tilt angle of 7°. After the implantation, activation
annealing was performed at 1300 °C for 30min at a high
pressure of 400MPa in a N2 ambient to prevent
decomposition.11) A detailed investigation on p-type GaN
formed via Mg implantation and UHPA post-implantation has
been reported in our earlier work.11) The activation anneal
condition chosen in this work corresponds to the diffusion
budget of around 0.36, resulting in high Mg activation.11)

The device fabrication involved e-beam evaporation of Ni/
Au-based p-type Ohmic contact followed by a contact anneal
at 600 °C for 10 min in air ambient. Then, Ni/Au-based
Schottky contacts were deposited. Finally, a Ti/Al/Ni/Au
Ohmic metal stack was deposited on the back side of the
n+−GaN substrate. In addition to the JBS diodes, Schottky
diodes with and without edge terminations (ET) and p–n
diodes were fabricated on the same wafer for comparison.
Figures 1(a) and 1(b) show the schematic cross-section of the
fabricated Schottky diode with Mg implanted p-GaN ET and
JBS diode, respectively. For the JBS diode, the widths of the
p-GaN (WP) and n−-GaN (WN) regions were designed to be 3
and 4 μm, respectively. The device area was 0.1× 0.1 mm2.
Figure 2(a) shows the room temperature current–voltage

(I–V ) characteristics comparison of the vertical Schottky with
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ET and JBS diode for ±3 V in a semi-log scale. The ideality
factor (n) for both diodes is 1.03, which indicates near-ideal
Schottky behavior. As per the graph, the rectification ratios
(ION/IOFF) at ±3 V for both diodes are ∼1011. These results
indicate that high-quality Schottky contacts can be realized
even after high-temperature anneal, and thus the surface
characteristics are preserved during high-temperature activa-
tion anneal with the help of N2 overpressure. Figure 2(b)
shows the I–V characteristics for both diodes on a linear
scale. The turn-on voltage (VON) for the Schottky diode and
JBS diode is 0.7 V and 0.75 V, respectively. As seen in these
graphs, the similarity of I–V in Schottky and JBS diodes
indicates that the Schottky contact dominates the forward
characteristics of the JBS.
The differential ON-resistance (RON) reflects the material’s

properties of the Schottky diode part, which has not degraded
during the high-temperature annealing and activation process.
The RON for both diodes is also shown in Fig. 2(b). The
extracted RON for the Schottky diode is 0.46 mΩ·cm2. The
specific RON of the GaN substrate is 0.22 mΩ·cm2, calculated
using the resistivity measured via a 4-point probe (6 mΩ·cm)
and the wafer thickness (370 μm). Thus, the specific RON of
the n−-GaN drift layer is 0.24 mΩ·cm2. The electron mobility
in the drift layer can be estimated using the RON and doping of
the n−-GaN. The calculated electron mobility for the drift
layer is ∼1000 cm2 V·s−1, which aligns with our previous
results.17) This confirms the high-quality GaN epilayer used
here as a drift layer. In comparison, the differential RON for the
JBS diode is 0.6 mΩ·cm2, which is only 0.14 mΩ·cm2 (30%)

higher than the Schottky diode. The ON-resistance of our JBS
diode is the lowest value amongst all GaN-based JBS reported
in the literature.9,10) Moreover, the extracted RON of the JBS
diode also includes the substrate resistance, which is 36% of
the total resistance of the JBS diode. Thus, removing or
thinning the GaN substrate would further reduce the RON.
Based on the current flow path from anode to cathode, the
RON for the JBS diode can be modeled by distributing the total
resistance into three components in addition to the substrate
resistance: channel resistance, current spreading resistance,
and remaining drift layer resistance.19,20) It is worth noting
that the extracted RON of the JBS diode from experimental
results matches precisely the modeled RON.

20)

Figure 3(a) shows the reverse bias I–V comparison
between the Schottky diodes with and without ET, JBS,
and p–n diodes. As seen in the graph, the current compliance
for all diodes is set at 1 A cm−2. The Schottky diode without
any ET breaks down at only 300 V. In comparison, the
Schottky diode with Mg implanted p-type ET shows a
breakdown of 500 V. The results suggest that the p-type ET
reduces the electric field crowding at the Schottky metal
edge, thus reducing the leakage current while increasing the
breakdown capability. Compared to the Schottky diodes, the
leakage current in the JBS diode increases very slowly. It is
worth noting that the leakage current of the JBS diode at
−500 V is still ∼4 orders of magnitude lower than the
Schottky diodes. In the JBS diode, at relatively low reverse
bias, the p-GaN regions deplete the lateral n−-GaN channel
region. At high reverse bias, the maximum E-field is now
developed across the p–n interface; thus, the p-GaN regions
shield the Schottky interface of the JBS from the high
E-field.19) As a result, the E-field at the Schottky interface
of the JBS remains very low at high reverse bias, in turn

(a) (b)

Fig. 1. (Color online) A schematic cross-section of the (a) reference
Schottky diode with Mg implanted p-GaN edge termination and (b) JBS
diode. For the JBS diode, the width of p-GaN (WP) is 3 μm, and n−-GaN
(WN) is 4 μm.

Fig. 2. (Color online) (a) Comparison of room temperature I–V charac-
teristics of the Schottky barrier and JBS diode in semi-log scale. (b) I–V
comparison of the Schottky barrier and JBS diode in linear scale (left y-axis)
and the differential RON for both diodes in semi-log scale (right y-axis).

Fig. 3. (Color online) (a) Reverse bias I–V characteristics comparison
between Schottky without and with edge termination (ET), JBS, and p–n
diodes. (b) Simulated 2D electric field distribution in the unit cell of the JBS
diode at reverse bias 915 V. (c) The E-field profile at the Schottky region of
the JBS [dashed line A–A′ in (b)] and at the p–n junction interface of the JBS
[dashed line B–B′ in (b)] at a reverse bias 915 V.
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reducing the reverse bias leakage of the JBS diode compared
to the Schottky diode. As shown in Fig. 3(a), the breakdown
voltage of the JBS diode is 915 V, which is the highest BV
reported value for GaN JBS in the literature. In comparison,
the p–n diode with implanted p-GaN also shows a breakdown
of 915 V. In contrast to the p–n diode, the JBS diode has
slightly higher leakage.21–23) As seen in the graph, the reverse
leakage current in the p–n diode is almost constant with
respect to the reverse bias from 0 V to 600 V. Above 600 V,
the leakage current increases approx. linearly with reverse
bias in the semilogarithmic scale. For the JBS diode, the
onset of the strong field dependence already appears at
around 300 V, however, with a similar I–V slope as observed
in the p–n diode at high reverse bias voltages. It can be
speculated that this leakage is related to defects.
During the high-temperature activation process, the Mg ions

diffuse and form a diffusion tail into GaN.11) Thus, in
simulations, the p-type doping profile was modeled with the
diffused Mg profile based on the diffusion budget estimated
from earlier work.11,24) Figure 3(b) shows the simulated 2D
electric field contour in a JBS unit cell at a reverse bias of
915 V. The maximum E-field in the JBS diode is across the p–n
junction interface rather than at the Schottky interface.
Figure 3(c) shows the E-field profile in the y-direction at the
Schottky interface (A–A′) and p–n junction interface (B–B′).
The maximum E-field in the JBS diode, at 915 V, is 3.3 MV
cm−1 at the p–n junction interface, whereas the E-field at the
Schottky metal interface is less than 2 MV cm−1. It is thus
evident that the selectively doped p-type regions in the JBS
diode shield the Schottky surface from a higher E-field.
However, the model does not include the impact of defects yet.
The performance of our vertical GaN JBS diode is

benchmarked against other state-of-the-art GaN JBS and
Schottky diodes reported in the literature using RON versus
breakdown voltage graph as shown in Fig. 4.9,10,25–33) As seen
in the graph, the JBS diodes presented in this work have high
breakdown voltage (915 V) and very low ON-resistance (0.6
mΩ·cm2) compared to the reported literature. These correlate
to a state-of-the-art figure of merit value of 1.4 GW cm−2.
In summary, we have reported record-performance vertical

GaN JBS diodes using Mg implantation and UHPA activa-
tion. The near-unity ideality factor (n = 1.03) confirms that
high-quality Schottky contacts can be formed following
UHPA. Crucially, the devices exhibited record-low RON

and record-high breakdown voltage of 0.6 mΩ·cm2 and
915 V, respectively. We found no noticeable degradation
due to the monolithic integration, including the high-tem-
perature processes, of both Schottky and p–n diode archi-
tectures on the identical material.
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