
ᵃ� ᵃ�

ᵃ� ᵃ�

G

IEEE ELECTRON DEVICE LETTERS 1

2.5 kV Vertical Ga2O3 Schottky Rectifier with
Graded Junction Termination Extension

Boyan Wang, Student Member, IEEE, Ming Xiao, Joseph Spencer, Yuan Qin, Kohei Sasaki,
Marko J. Tadjer, Senior Member, IEEE, and Yuhao Zhang, Senior Member, IEEE

Abstract—This work demonstrates vertical Ga2O3 Schottky
barrier diodes (SBDs) with a novel junction termination extension
(JTE) comprising multiple layers of sputtered p-type nickel oxide
(NiO). The NiO layers have the varied lengths to enable a graded
decrease in effective charge density away from the main junction.
The fabrication of this JTE obviates the etch or implantation and
shows good throughput. The fabricated Ga2O3 SBDs exhibit a
forward voltage below 1.9 V at the current density of 100 A/cm2, a
differential specific on-resistance of 5.9 mΩ∙cm2, and a breakdown
voltage over 2.5 kV. The Baliga’s figure of merit (FOM) exceeds 1
GW/cm2 and is among the highest in multi-kilovolt Ga2O3 SBDs.
Besides, the capacitance of the JTE region is extracted, allowing
for evaluation of the capacitance, charge, and switching FOM of
1.7 kV-class Ga2O3 SBDs with varied current ratings. The results
show good promise of Ga2O3 SBDs for kilovolt power electronics.1

Index Terms— power electronics, ultra-wide bandgap, gallium
oxide, junction termination extension, nickel oxide, breakdown
voltage, on-resistance, capacitance

I. INTRODUCTION

allium oxide (Ga2O3) has emerged as a promising material
for future power devices, due to its ultra-wide bandgap,

high critical electric field (EC), controllable doping, and large-
diameter wafer availability [1]. In various Ga2O3 devices,
vertical Ga2O3 Schottky barrier diodes (SBDs) are advancing
fast towards applications. Recent reports include an specific on-
resistance (RON,SP) versus breakdown voltage (BV) trade-off
superior to SiC [2], as well as excellent thermal resistance and
surge current capability in the packaged SBDs [3]–[5].

Edge termination is a key challenge for making high-voltage
Ga2O3 SBDs. Junction termination extension (JTE) is dominant
in industrial Si, SiC and GaN devices [6], [7], and it relies on
p-n junctions formed by diffusion or implantation. As effective
p-type doping is lacking in Ga2O3 [8], prior edge terminations
for Ga2O3 SBDs employ trench, field plate, high-k dielectrics,
and deep acceptors [2], [9]–[14]. Their processing usually
requires deep etch or high temperature annealing, which could
compromise the process yield, particularly for high-voltage
devices. To date, only a few vertical Ga2O3 SBDs with BV > 2
kV have been reported [2], [10], [15].

Meanwhile, p-type nickel oxide (bandgap 3.4~4 eV [8]) is
recently applied to form p-n junction diodes in Ga2O3. Since the
first report [16], NiO/Ga2O3 p-n diodes have achieved multi-
kilovolt BV and low differential RON,SP [17]–[22]. Whereas,
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Fig. 1. (a) Schematic of the Ga2O3 SBD with NiO JTE. (b) Upper limits of
JTE thickness versus NA as a function of EM. (c) Simulated E-field contour at
2500 V. (d) E-field profile in Ga2O3 at voltages from 0.5 to 2.5 kV.

they suffer from a high forward voltage (VF ~ 3 V), leading to
high conduction loss. Ga2O3 SBDs that combine a low VF and
the NiO/Ga2O3 blocking junction are thus desirable.

Single-zone, highly-doped NiO JTEs were recently applied
to Ga2O3 SBDs [23], [24]. However, the effectiveness of single-
zone JTEs is very sensitive to the JTE dose. SiC and Si research
reveals that this sensitivity can be overcome by multizone JTE
[25], bevel JTE [26], and graded doped JTE [6]. The key
common feature of these JTEs is a gradual decrease in the
effective JTE charge away from the main junction.

This work develops a novel multilayer NiO JTE with graded
charge density. This JTE enables BV > 3 kV in the p-n junction.
High work function (WF) metal is used in Ga2O3 SBDs to
suppress the leakage current and exploit this JTE, enabling a BV
over 2.5 kV. The capacitance and charge are also evaluated,
which have been rarely reported in prior Ga2O3 diodes.

II. JTE DESIGN

Fig. 1(a) shows the schematic of our JTE comprising p--NiO
and p+-NiO layers. The p--NiO layers (i.e., JTE-1 and -2) fulfill
the main JTE functionality by achieving a full depletion close
to the surface at the desired BV. The upper limit of the JTE sheet
dose can be determined from the max junction field in Ga2O3

(EM) at BV, i.e., ᵅ�ᵄ�−ᵆ�− ≤ ᵃ�ᵄ�ᵰ�ᵄ� [6], where ᵰ�ᵄ� is the Ga2O3

permittivity; ᵄ�− and ᵆ�− are acceptor concentration and total
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Fig. 2. (a) Test structure for NA extraction in NiO. (b) The extracted NA for
NiO sputtered in three conditions. (c) Illustration of the NiO bevel angle
formation. (d) Critical PMGI process parameters and the produced NiO bevel
angle. (e) Cross-sectional SEM images of the entire JTE and each JTE.

thickness of p--NiO layers, respectively. The calculated ᵄ�− and
ᵆ�− upper limits as a function of ᵃ�ᵄ� (from 3 to 6 MV/cm) is
shown in Fig. 1(b). Note that the high NA in many prior NiO
JTEs is expected to induce a NiO partial depletion and electric
field (E-field) crowding at the outmost edge.

The p+-NiO layers are designed to a) avoid the NiO punch-
through, b) shield the Schottky metal from high E-field, c) serve
as a non-depleted JTE (i.e., JTE-3), which can reduce the E-
field at the top surface of p--NiO JTEs, and d) facilitate the
charge extraction and supply for p--NiO during switching.

The total length of each NiO layer is designed to decrease
from bottom to the top. This enables a graded decrease in charge
density to minimize the depletion curvature in Ga2O3. From the
BV standpoint, the total length of JTE-3 (L3) and its sub-section
lengths are less critical, as the depletion in JTE-3 is little and
the potential drop in Ga2O3 below JTE-3 is relatively small. By
contrast, the incremental length of the JTE-2 (L2) and JTE-1
(L1) [see Fig. 1(a)] are critical for spreading the E-field both at
the NiO top surface and in the Ga2O3 below NiO.

Fig. 1(c)-(d) show the simulated E-field contour in the NiO
JTE fabricated in this work. The p--NiO JTE-1 and JTE-2 are
depleted at 0.5 and 1 kV successively and effectively spread the
E-field at higher voltages. The p+-NiO JTE-3 confines the high
E-field within itself from reaching the Schottky metal. As
voltage increases, the peak E-field location migrates from the
JTE’s outer edge towards its inner edge.

III. DEVICE FABRICATION

The wafer consists of a 10 µm n-Ga2O3 drift layer on 630 µm
2-inch n+-Ga2O3 substrate. C-V measurement reveal a net donor
concentration (ND-NA) of 8×1015 cm-3 in n-Ga2O3. The device
fabrication starts from the backside Ohmic contact (Ti/Au).

Two p--NiO layers are then sputtered by the RF magnetron
sputtering at room temperature using the NiO target (RF power
100 W). The NiO conductivity is known to positively correlate
to the oxygen partial pressure in sputtering [27]. Hence, we use
the pure Ar atmosphere (60 sccm) for p--NiO sputtering. The
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Fig. 3. Forward I-V characteristics in (a) linear and (b) semi-log scale. (c)
Reverse I-V characteristics of non-JTE SBDs, Pt-SBDs, Ni-SBDs, and PNDs.
Four devices at different sample locations are shown for each device type.

thickness of each p--NiO layer is 350 nm. The p+-NiO layers are
sputtered in one lift-off step consisting of 350 nm NiO in Ar/O2

of 60/3 sccm and 250 nm NiO in Ar/O2 of 40/20 sccm. The
gradual NA increase in p+-NiO minimizes the E-field crowding.
After the post-sputter annealing at 275 oC in N2, two types of
Schottky metal stacks, the Pt/Au and Ni/Au, are deposited,
followed by a final annealing at 225 oC in N2.

To probe the NA, NiO is also sputtered on n+-Ga2O3 substrate
in the above three atmospheres, followed by the fabrication of
the C-V test structures (Fig. 2(a)). This n+-p- junction favors the
extraction of NA. From the capacitance, the NA is extracted as
3×1017 cm-3, >1018 cm-3, and >1019 cm-3 for Ar/O2 = 60/0, 60/3,
and 40/20 sccm, respectively, as detailed in Fig. 2(b).

A bi-layer resist (AZ701/PMGI) is used for NiO lift-offs
similar to [28]. The NiO bevel angle depends on the PMGI’s
undercut length (LUC) and the sputtered NiO thickness (tNiO)
(Fig. 2(c)). A larger LUC can be tuned by reducing the PMGI’s
bake temperature and increasing the develop time. On the other
hand, a larger PMGI thickness (tPM) can facilitate the NiO
sputtering into the undercut. By using the parameters listed in
Fig. 2(d), the angles of p+-NiO layer (JTE-3) and p--NiO layers
(JTE-1 and -2) are engineered to be ~80o and ~13o, respectively,
as shown in the scanning electron microscopy (SEM) image
(Fig. 2(e)). The small angle in p--NiO can reduce the surface E-
field. For JTE-3, as no high E-field is present at the edge of the
barely depleted p+-NiO, a small angle is not needed.

The total JTE length (LJTE) is 40 µm, with L1, L2 and L3 being
10 µm, 10 µm and 20 µm, respectively (Fig. 1(d)). Simulation
reveals that, as L2 increases, the peak E-field in Ga2O3 below
the outer edge of JTE-3 first reduces and then saturates. It drops
below the E-field near the JTE inner edge for L2 ≥ 10 µm.

In addition to SBDs, NiO/Ga2O3 p-n diodes (PNDs) with the
same JTE and p-NiO region (600 nm p+-NiO and 700 nm p--
NiO) are fabricated to evaluate the JTE’s true BV.

IV. DEVICE CHARACTERISTICS

Fig. 3(a) and (b) show forward I-V characteristics of the
fabricated Pt-SBDs and Ni-SBDs with JTEs. Current density is
normalized to the anode Schottky area. The turn-on voltages of
Pt-SBDs and Ni-SBDs are 1.25 V and 1 V, respectively, leading
to a VF of 1.9 V and 1.7 V extracted at a forward current density
(JF) of 100 A/cm2. The differential RON,SP of two SBDs are both
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TABLE I. Structural and metrics comparison of >2 kV Ga2O3 power diodes.

Device Ref Termination
VF

(a) RON,SP IR
(b) BV

(V) (mΩcm2) (A/cm2) (kV)
C, QC

(c)

Fig. 4. (a) Schematic of capacitance components. (b) Fitting parameters in the
capacitance model. (c) The experimental and modeled C-V characteristics for
SBDs with various radii. (d) The projected C-V and Q-V characteristics for
1.7kV/5A SBDs. The three capacitance components are also shown.

5.9 mΩ∙cm2, which is dominated by the drift region (5.2
mΩ∙cm2 estimated based on a mobility of 150 cm2/Vs). The
Schottky barrier height (ᵱ�ᵄ�ᵄ�ℎ ) of Pt-SBDs and Ni-SBDs is
estimated to be 1.35 and 1.1 eV, respectively.

Fig. 3(c) shows the reverse I-V characteristics of the Pt-
SBDs, Ni-SBDs, PNDs, and SBDs without JTE. Four devices
at different locations of the sample are shown for each type.
Nearly all fabricated devices show good blocking capabilities,
suggesting good throughput of the etch-free JTE process. The
PNDs show a BV over 3 kV. The Pt-SBDs and Ni-SBDs show
a BV of 2.5 kV and 1.75 kV, respectively, both being higher
than the BV of SBDs without JTE (0.8 kV).

The breakdown spot in SBDs is observed at the inner JTE
edge instead of the outer edge. These results validate the JTE’s
effectiveness and the full depletion of JTE-1 and JTE-2. The BV
are all destructive occurring at a similar leakage current level,
indicating an electrothermal failure at the Schottky edge.

The higher BV of Pt-SBDs than Ni-SBDs supports the theory
in [29]: with effective edge termination, the leakage current is
controlled by ᵱ�ᵄ�ᵄ�ℎ, leading to a BV (defined at a leakage current
density) tradeoff with ᵱ�ᵄ�ᵄ�ℎ. Hence, in SBDs, high WF metal is
desirable to exploit the high JTE BV. The average junction E-
field reaches 3.08 MV/cm in Pt-SBDs at BV.

Capacitance is key for the switching performance of power
devices. Experimental C-V data of SBDs with various radii (R)
are fitted by the model below for capacitances of the Schottky
junction (CSch), JTE (CJTE), and cylindrical spreading region
(CCYL) (Fig. 4(a)-(c)). The CCYL is proportional to perimeter and
can be fitted by the power law of the reverse bias (VR) [30]

ᵃ� = ᵄ�ᵄ�ℎ + ᵃ� ᵃ� ᵃ�  + ᵃ�ᵃ�ᵃ�ᵃ� = ᵰ�ᵄ�2�
2(ᵱ� 

ᵄ�

+ᵄ�ᵄ�) 
+ ᵰ�(2ᵯ�ᵄ�ᵃ�ᵃ�ᵃ�ᵃ�  +

2 2 ᵅ�ᵰ�ᵄ�ᵰ�ᵄ�ᵄ�ᵃ�ᵄ�ᵃ� ᵯ�2ᵰ��ᵄ�+ᵃ�ᵃ�ᵃ�ᵃ��+ᵯ�
ᵃ� ᵃ� ᵃ� 2(ᵱ�ᵄ�ᵄ�ᵄ�+ᵄ�ᵄ�)(ᵰ�ᵄ�ᵄ�ᵃ�+ᵰ�ᵄ�ᵄ�ᵃ�) (ᵱ�ᵄ�ᵄ�ᵄ�+ᵄ�ᵄ�)ᵯ�

where ᵱ�ᵄ�ᵄ� (1.2 V) and ᵱ�ᵄ�ᵄ�ᵄ� (1.7 V) is the built-in potential of
the Schottky and PN junction, respectively. ᵰ�ᵄ� is the NiO
permittivity. ᵯ� accounts for the effective LJTE for ᵃ� ᵃ� ᵃ� .  β, γ, and
δ are three additional fitting parameters. Their fitted values are
listed in Fig. 4(b). This equation depicts the C-V characteristics
before the full depletion of the drift region (at VR ~750 V); after
that, C is nearly unchanged.

The model allows one to project the capacitance and charge
(QC) of SBDs with various current ratings. Assuming the 100

[21]             N/A               2.7         2.5          6×10-2         2.6
[20]             N/A               3.8        11.3         2×10-2         4.7
[15] field plate (FP)     N/A        250           10-2             2.3
[10]       FP + trench         2.4         8.8          5×10-5        2.89
[2]        FP + trench           2           3.4            10-6               6
[31]     lateral device       >3(d)           24.3         3×10-4            3

This work               
JTE               1.9         5.9            10-3             2.5      

nF/cm2

(SBD)        
Prj. 1.7kV/5A(e)         1.9         5.9          50 µA      2.5      

49 pF,

(a) at 100 A/cm2 forward current. (b) reverse current (density) at 1700 V. (c) C
at 1700 V, QC integrated up to 1700 V. (d) 50 A/cm2 forward current at 3V. (e)

projected performance of a 1.7kV/5A rated device.

Fig. 5. Differential RON,SP vs. BV trade-off of Ga2O3 SBDs with BV > 1 kV.

A/cm2 JF at the rated current (enabled by good packaging [4]),
the C and QC of 1.7 kV, 5 A rated Pt-SBDs are derived (Fig.
4(d)). The CJTE is below 5% of the total C, suggesting the
advantage of the JTE as compared to other terminations (e.g.,
high-k field plate). The projected switching FOM (VF∙QC) is 228
nC∙V. To our best knowledge, such information is first reported
for Ga2O3 diodes, allowing for the comparison with other diode
technologies and guiding the future device applications.

Table I benchmarks the key metrics of Ga2O3 diodes with BV
over 2 kV [2], [10], [15], [20], [21], [31]. As many diodes show
a good promise for the 1.7 kV rating, the leakage current,
junction capacitance and charges are extracted at the 1.7 kV or
integrated up to 1.7 kV. With an implant- and etch-free process,
our Pt-SBDs show the lowest VF and a lower leakage current
than PNDs. The Baliga’s FOM is >1 GW/cm2 and among the
highest in kilovolt Ga2O3 SBDs (Fig. 5).

V. SUMMARY

This work demonstrates a multi-layer NiO JTE that allows
for a graded decrease in charge density away from the junction.
The fabrication of this NiO JTE does not require deep etch and
implantation in Ga2O3. Vertical Ga2O3 SBDs with such JTE
demonstrate a BV over 2.5 kV, a low VF and RON,SP, and
excellent static and switching FOMs. These results show the
good promise of the NiO/Ga2O3 p-n junction for boosting the
performance of Ga2O3 SBDs for kilovolt power electronics.
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