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ABSTRACT Selective-area p-type doping has been regarded as one of the primary challenges in vertical
GaN junction-based power devices. Nickel oxide (NiO), serving as a natural p-type semiconductor without
the requirement for sophisticated activation and enabling adjustable charge concentration, is potentially
feasible to form pn hetero-junction in GaN power devices. In this work, a vertical GaN Schottky
barrier diode (SBD) featuring hybrid p-NiO junction termination extension (HP-JTE) with fluorine (F)-
implanted buried layer (FIBL) has been demonstrated. With FIBL incorporated underneath p-NiO in the
termination region, the reverse leakage current can be effectively reduced by approximately 3 orders of
magnitude. By virtue of photon emission microscopy measurements, it has also been verified that the
light emission and leakage current through p-NiO termination region can be effectively suppressed by
FIBL. Thanks to the HP-JTE structure as well as the nearly ideal Schottky interface, the vertical GaN
SBD exhibits a high current swing of ∼ 1013, a low ideality factor of ∼1.02, a low differential RON
of ∼0.89 m� · cm2, a low forward voltage drop of ∼ 0.8 V(defined at 100 A/cm2), and a breakdown
voltage of ∼ 780 V(defined at 0.1 A/cm2). The characterizations and findings in this work can provide
valuable insights into the p-NiO/GaN hetero-junction-based power devices.

INDEX TERMS GaN, junction termination extension, leakage current, NiO, SBD.

I. INTRODUCTION
Gallium nitride (GaN)-based power devices, featuring low
power losses and high switching frequency, have been
used in building compact and light-weight power electronic
systems with increased power density and enhanced energy
efficiency [1], [2]. Owing to the emergence of high-quality
commercial free-standing GaN substrates up to 6-inch [3],
the vertical GaN-on-GaN power devices, which can achieve
high Baliga’s figure-of-merit (BFOM) [4], [5], [6], [7], [8]
and superior dynamic RON performance [9] have shown great
potential for next-generation power electronic applications.
In general, selective-area p-type doping technique plays

an important role in vertical power devices, where the

p-type region can modulate the electrical field in active
or termination regions [10], [11], [12], [13], [14], [15],
[16]. However, formation of selective-area p-type region
in GaN is confronted with challenges as follows: (1) The
activation of Magnesium (Mg) ion implantation in GaN
usually requires sophisticated annealing at high temperature
(≥1200 ◦C) and ultra-high pressure (≥1 GPa) atmosphere
to prevent the possible decomposition of GaN surface at
high temperature [17], [18], [19], [20]. (2) Selective-area
p-GaN regrowth technique usually suffers from relatively
high leakage current, which is possibly caused by impu-
rities/etching damages at the regrown interface [21], [22],
[23], [24], [25].
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Nickel oxide (NiO) with a wide bandgap (3.4∼4 eV)
and a relatively small lattice mismatch (∼8%) with
GaN [26], [27], [28], is a natural p-type semiconductor
without the requirement of sophisticated activation pro-
cess [29]. A wide range of hole concentration (1015 cm−3

∼1020 cm−3) can be achieved in NiO by adjusting
O2/N2 flow ratio during NiO deposition [30], [31], [32].
Therefore, NiO is potentially feasible to form pn hetero-
junction (HJ) in GaN power electronic devices including
E-mode lateral HEMTs [33], [34], vertical Schottky bar-
rier diodes (SBDs) [30], [35], [36], [37] vertical HJ
diodes [30], [32], [37] and super-junction diodes [27].
The electric field crowding effect at the junction edge

limits the breakdown voltage of GaN SBDs. Thanks to the
electric field modulation by p-NiO, it has been reported that
the breakdown voltage of GaN quasi-vertical SBDs with
etched-mesa edge termination have been enhanced by cover-
ing the mesa sidewall with p-NiO [35] or combining planar
p-NiO with field plate structure [36]. However, it has been
widely observed that the leakage current would increase by
several orders of magnitude with the incorporation of p-NiO
into GaN SBDs with only planar p-NiO JTE [30], [37], [38]
and NiO/GaN HJ diodes [30], [32], [37]. Hence, it is
essentially important to develop effective approaches for sup-
pressing p-NiO-induced leakage current. Due to the strong
electronegativity [39], [40], fluorine (F) ion implantation can
be utilized to form fully-depleted region in n-GaN, aiming at
suppressing the reverse leakage current in GaN diodes [41],
[42], [43], [44] and GaN HEMTs [45].
In this work, F-implanted buried layer (FIBL) has been

introduced underneath p-NiO in the termination region,
which can effectively suppress the p-NiO-induced reverse
leakage. The leakage mechanisms in vertical GaN SBD
with p-NiO JTE have been investigated by photon emission
microscopy (PEM) measurements and electrical characteri-
zations, whereby the role of FIBL in suppressing the leakage
current in p-NiO JTE has been identified. Thanks to the
hybrid p-NiO JTE (HP-JTE) with FIBL as well as the nearly
ideal Schottky interface, the vertical GaN SBD exhibits a
high current swing of ∼1013, a low ideality factor of ∼1.02,
a low differential RON of ∼0.89 m� · cm2, a low forward
voltage drop (VF) of ∼0.8 V (defined at 100 A/cm2), and
a breakdown voltage of ∼780 V (defined at 0.1 A/cm2).

II. DEVICE STRUCTURE AND FABRICATION
Fig. 1 shows the schematic cross-section and the key
fabrication process steps of the vertical GaN SBD with HP-
JTE. 1.4 μm-thick SiO2 was deposited by plasma-enhanced
chemical vapor deposition (PECVD) and patterned to form
the hard mask for selective-area F ion implantation. Multi-
energy F ion implantation with energy levels of 30, 60 and
100 keV at doses of 5×1012, 1.5×1013 and 3×1013 cm−2

were carried out to form F-implanted region. For recovery of
the possible implantation-induced damage, post-implantation
annealing (PIA) was performed at 450 ◦C in N2 ambient
for 20 minutes, with the sample surface covered by a

FIGURE 1. Schematic cross-section and the key fabrication process steps
of the vertical GaN SBD with HP-JTE

FIGURE 2. Schematic cross-sections of (a) unterminated-SBD, (b) SBD with
p-NiO JTE and (c) p-NiO/n-GaN HJ diode with a uniform p-NiO layer in the
anode region

pre-deposited SiO2 protection layer. After the removal of
SiO2 protection layer, ∼200 nm p-type NiO was deposited
by magnetron sputtering with a O2/(Ar+O2) flux ratio of
∼5% [31], followed by lift-off process to form p-NiO JTE.
Post-deposition annealing (PDA) was carried out at 300 ◦C
in N2 ambient for 5 minutes to reduce the p-NiO-induced
leakage current [35]. Afterwards, Ni/Au anode metal stack
was deposited on the pre-cleaned GaN surface and patterned
by lift-off. ∼200 nm SiO2 passivation layer was deposited,
followed by via hole opening. Finally, ohmic contact on the
n+-GaN substrate was formed by deposition of Ti/Al/Ti/Au
metal stack. Meanwhile, unterminated-SBD (Fig. 2(a)), SBD
with p-NiO JTE (Fig. 2(b)) and p-NiO/n-GaN HJ diode with
a uniform p-NiO layer in the anode region (Fig. 2 (c)) were
also fabricated on the same wafer for comparison.

III. RESULTS AND DISCUSSIONS
Capacitance–voltage (C-V) measurement was carried out
to extract the net doping concentration in the 10 μm-
thick n−-GaN drift layer, which is ∼8×1015 cm−3, as
shown in Fig. 3. Fig. 4(a) shows the forward I-V charac-
teristics and the ideality factor of the vertical GaN SBD
with HP-JTE. The near-unity ideality factor (∼1.02) in
the barrier-limited region, low intrinsic leakage current of
∼10−10 A/cm2 and high current swing up to ∼1013 suggest
the nearly ideal Schottky interface and high-quality GaN-on-
GaN homo-epitaxial layer, with thermionic emission (TE)
as the dominant carrier transport mechanism at forward
bias [41], [46]. As shown in Fig. 4(b), the vertical GaN SBD
with HP-JTE exhibits a low differential RON of ∼0.89 m� ·
cm2 that saturates at ∼1 V (Fig. 4(b)). Owing to the
relatively low Schottky barrier height at Ni/n−-GaN as
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FIGURE 3. Net doping concentration of the n− GaN drift layer.
Inset: measured C-V and 1/C2-V characteristics.

FIGURE 4. (a) Forward I-V characteristics and ideality factor versus
forward voltage in semi-log scale, (b) forward I-V characteristics and
differential RON versus forward voltage in linear-scale of the vertical GaN
SBD with HP-JTE, SBD with p-NiO JTE and unterminated SBD.

well as the sharp turn-on transition, a low VF (defined
at 100 A/cm2) of ∼0.8 V was obtained (Fig. 4(b)). The
forward conduction characteristics of SBD with p-NiO JTE
and unterminated SBD are also shown in Fig. 4. Similarly,
the GaN SBD with p-NiO JTE and unterminated SBD also
exhibit a high current swing up to ∼1013, a near-unity
ideality factor and a low VF of ∼0.8 V, benefiting from
the optimal Schottky interface and high-quality GaN-on-
GaN homo-epitaxial layer. The unterminated SBD exhibits a
slightly lower differential RON of ∼0.80 m�·cm2, due to the

FIGURE 5. AFM images of p-NiO surface (a) before and (b) after PDA.

FIGURE 6. Reverse I-V characteristics of the SBDs featuring p-NiO JTE with
and without PDA.

FIGURE 7. Reverse I-V characteristics of unterminated SBD, SBD with
p-NiO JTE, and SBD with HP-JTE. Inset: Illustration of the possible main
leakage paths in SBDs with p-NiO JTE and HP-JTE.

absence of the overlap between anode metal and termination
region as in SBDs with HP-JTE and p-NiO JTE.
The influence of the PDA on the surface morphology and

leakage current of p-NiO have been investigated. According
to the atomic force microscope (AFM) measurements
(Fig. 5), the PDA following p-NiO deposition can reduce the
root-mean-square (RMS) roughness of p-NiO surface from
∼4.4 nm to ∼1.0 nm. The reverse leakage characteristics of
vertical GaN SBDs featuring p-NiO JTE with and without
PDA are compared in Fig. 6. PDA after p-NiO deposition
can effectively reduce the leakage current, which is possibly
due to the improved p-NiO/GaN interface [35] or the
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FIGURE 8. PEM images of (a) SBDs at 0 V, (b) SBD with p-NiO JTE at reverse voltage (VR) of 200 V, (c) SBD with HP-JTE at VR of 200 V, (d) SBD with HP-JTE
at VR of 500 V. The anode metal is opaque.

decreased Ni3+ composition in p-NiO according to the X-ray
photoelectron spectroscopy (XPS) measurements [47]. In
order to further reduce the leakage current, it is significant
to reveal the possible leakage paths in SBD with p-NiO JTE
and develop effective leakage suppression approaches.
There could be two possible leakage paths in SBD

with p-NiO JTE: 1) anode region leakage through the
metal/n−-GaN Schottky contact particularly with barrier
lowering effect at high electric field [48] or with considerable
traps [49], [50]; 2) termination region leakage through p-
NiO or through the p-NiO/GaN interface. The reverse
leakage characteristics of the SBD with HP-JTE (Fig. 1),
unterminated-SBD (Fig. 2(a)), and SBD with p-NiO JTE
(Fig. 2 (b)) are compared in Fig. 7. Benefiting from the
nearly ideal Schottky interface and superior quality of n−-
GaN drift layer, unterminated-SBD shows a relatively low
leakage current under reverse voltage of 100 V, suggesting
the possible anode region leakage through the metal/n−-GaN
Schottky contact is insignificant at relatively low reverse
voltage. Compared with unterminated-SBD, SBD with p-
NiO JTE shows relatively high leakage currents, which could
verify that the termination region leakage through p-NiO or
through the p-NiO/GaN interface is possibly dominated in
SBD with p-NiO JTE.
In order to suppress the leakage current induced by

p-NiO, FIBL was formed underneath p-NiO in the JTE
regions (Fig. 1). Compared with SBD with p-NiO JTE only,
the leakage current of SBD with HP-JTE is reduced by
approximately 3 orders of magnitude under reverse voltage
of ∼400 V and enables a breakdown voltage of ∼780 V
(defined at leakage current of 0.1 A/cm2), as shown in Fig. 7.
PEM has been widely acknowledged as a useful approach

to localizing the regions with relatively high leakage current
in electronic devices [51], [52]. In this work, to reveal the
influence of FIBL on the leakage current in p-NiO region,
PEM measurements were carried out with an optical test
system (P-100I) featuring spectral sensitivity from 300 nm
to 1700 nm. At 0 V, there is no light emission detected
in the SBDs, as shown in Fig. 8(a). Fig. 8(b) and Fig. 8(c)
show the PEM images of SBD with p-NiO JTE and SBD
with HP-JTE at a reverse voltage of 200 V, respectively.
In comparison with the stronger light emission from the
p-NiO region in the SBD with p-NiO JTE only, there is no
detectable light emission in SBD with HP-JTE at a reverse

FIGURE 9. (a) Temperature-dependent reverse I-V characteristics and
(b) ln(J) versus T−1.25 characteristics of the p-NiO/n−-GaN HJ diode.

voltage of 200 V, suggesting that the leakage current through
p-NiO has been effectively suppressed by FIBL. At higher
reverse voltage of 500 V, light emission was detected in the
SBD with HP-JTE, as shown in Fig. 8(d).

The possible leakage mechanism of the p-NiO/n−-GaN
hetero-junction was also investigated. Fig. 9(a) shows the
reverse current characteristics of the p-NiO/n−-GaN HJ
diode at temperatures varying from 298 K to 373 K.
Temperature- and field-enhanced variable-range hopping
(VRH) conduction [15], [50], [53], [54], [55] could be
responsible for the leakage of the p-NiO/n−-GaN hetero-
junction. In VRH model, the leakage current density J can
be described by

J = J0 exp

(
C
qaE

2kT

(
T0

T

) 1
4
)

(1)
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FIGURE 10. (a) Benchmark of differential RON versus breakdown voltage
(defined at 0.1 A/cm2) and (b) benchmark of VF (defined at 100 A/cm2)
versus breakdown voltage for the state-of-the-art fully-vertical (FV) and
quasi-vertical (QV) GaN SBDs. The reported SBDs with NiO-based
termination technology are particularly denoted with solid symbols.

where J0 is the zero-field current density, C is a constant
multiplication factor, q is the elementary charge, a is the
localization radius of the electron wave function, k is the
Boltzmann’s constant, E is electrical field, T is temperature,
T0 is a characteristic temperature which is determined by
the energy barrier between two adjacent localized states for
electron hopping, as well as the density of localized states at
the Fermi level [54], [55]. Fig. 9(b) shows the relationship
between ln(J) and T−1.25 at various reverse biases. It is
found that there is a linear correlation between ln(J) and
T−1.25 at various reverse biases, suggesting that the leak-
age current of p-NiO/n−-GaN hetero-junction is primarily
dominated by VRH mechanism. It has been reported that
there exist defect-induced trap levels within the bandgap of
NiO according to photoluminescence spectroscopy [56] and
X-ray photoelectron spectroscopy [57] measurements, which
could possibly lead to VRH leakage through p-NiO/n−-GaN
hetero-junction. In particular, it has been identified that the
p-type conductivity in NiO is most likely associated with Ni
vacancies, according to X-ray absorption spectroscopy mea-
surements [58], [59]. The defect-assisted conduction/leakage
could possibly present long-term reliability issues, which
merit further in-depth investigations in future work.
Fig. 10(a) shows the benchmark of differential RON versus

breakdown voltage (defined at 0.1 A/cm2) and Fig. 10(b)
shows the benchmark of VF (defined at 100 A/cm2) versus

breakdown voltage (defined at 0.1 A/cm2) of the state-of-
the-art quasi-vertical and fully-vertical GaN SBDs. The SBD
with HP-JTE in this work exhibits a low differential RON
(∼0.89 m�·cm2) and a low VF (∼0.8 V), yielding a BFOM
of ∼0.68 GW/cm2 that is competitive among the reported
GaN SBDs with p-NiO-based termination.

IV. CONCLUSION
In this work, we demonstrate a vertical GaN SBD featuring
hybrid p-NiO JTE (HP-JTE) with fluorine-implanted buried
layer (FIBL). With FIBL incorporated underneath p-NiO in
the termination region, the reverse leakage current can be
effectively reduced by approximately 3 orders of magnitude.
According to light emission in PEM measurements, it
has also been verified that the leakage through p-NiO in
termination region can be effectively suppressed by FIBL.
Thanks to the HP-JTE structure as well as the nearly ideal
Schottky interface, the vertical GaN SBD exhibits a high
current swing of ∼1013, a low ideality factor of ∼1.02, a low
differential RON of ∼0.89 m� · cm2, a low forward voltage
drop of ∼0.8 V (defined at 100 A/cm2), and a breakdown
voltage of ∼780 V (defined at 0.1 A/cm2). In addition,
it has been found that the annealing process following
p-NiO deposition can reduce surface roughness of p-NiO
as well as the leakage current. According to temperature-
dependent electrical characterizations, the leakage current in
the p-NiO/n−-GaN hetero-junction is possibly dominated by
the temperature- and field-enhanced variable-range hopping
(VRH) conduction mechanism. The characterizations and
findings in this work can provide valuable insights into the
p-NiO/GaN hetero-junction-based power devices.
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