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Abstract: Optimized vertical heterojunction rectifiers with a diameter of 100 µm, consisting of
sputter-deposited p-type NiO forming a p–n junction with thick (10 µm) Ga2O3 drift layers grown by
halide vapor phase epitaxy (HVPE) on (001) Sn-doped (1019 cm−3) β-Ga2O3 substrates, exhibited
breakdown voltages > 8 kV over large areas (>1 cm2). The key requirements were low drift layer
doping concentrations (<1016 cm3), low power during the NiO deposition to avoid interfacial damage
at the heterointerface and formation of a guard ring using extension of the NiO beyond the cathode
metal contact. Breakdown still occurred at the contact periphery, suggesting that further optimization
of the edge termination could produce even larger breakdown voltages. On-state resistances without
substrate thinning were <10 mΩ·cm−2, leading to power figure-of-merits > 9 GW·cm−2. The devices
showed an almost temperature-independent breakdown to 600 K. These results show the remarkable
potential of NiO/Ga2O3 rectifiers for performance beyond the limits of both SiC and GaN. The
important points to achieve the excellent performance were: (1) low drift doping concentration,
(2) low power during the NiO deposition and (3) formation of a guard ring.

Keywords: gallium oxide; power electronics; rectifier

1. Introduction

The ultra-wide bandgap semiconductors with bandgaps > 4.5 eV include BN, diamond,
AlN and Ga2O3. These materials have the potential for much higher voltage operation
than the currently available SiC and GaN power devices, but with lower on-resistance
and switching losses. Ga2O3 appears to be an attractive option because of the availability
of low cost, large area crystals. The various polytypes of Ga2O3 are attracting attention
for their potential application in power switching, solar-blind UV detectors and lateral
transistors with enhanced two-dimensional electron gases densities. It is possible to grow
bulk crystals of the stable monoclinic β-polymorph from the melt, which enables large-
diameter, high-quality substrates for homoepitaxy with low manufacturing costs. The
rhombohedral α-polymorph has the largest bandgap and is isomorphous with α-Al2O3, so
it is grown on inexpensive sapphire substrates. The orthorhombic κ-polymorph possesses
ferroelectric properties and large spontaneous electrical polarization.

Ga2O3 has a high critical electric field strength—at least 8 mV·cm−1. This allows for
higher operating voltages and lower switching losses in power electronics. Ga2O3 devices
switch faster than Si devices at the same voltage and current ratings. The large bandgap
makes it promising for high temperatures and radiation environment applications. As
a result, Ga2O3 is being considered for several power electronics applications, including
inverters, motor drives and power supplies. There is particular interest in kV-class vertical
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rectifiers for use in electric vehicles and their charging infrastructure as well as power man-
agement systems for improved switching efficiency for next generation power grids and
efficiently interfacing renewable energy sources with these grids [1–4]. Power conversion
systems that convert electricity from one form to another comprise AC-to-AC, AC-to-DC,
DC-to-AC and DC-to-DC converters, which are used to adjust the voltages and currents
for specific applications. A typical example of an electric vehicle and its charging system
requires these essential components of power switching and conditioning. A key aspect is
the boost converter, which takes in an input voltage and outputs a higher voltage at the load
terminals. The key to this operation is a power switch. The enhancement of the efficiency
of these switches leads to a much higher efficiency conversion and also to improved system
compactness.

One of the goals is to achieve a high-power figure of merit for power electronic devices,
defined as (VB)2/RON where VB is the reverse breakdown voltage and RON− is the on-state
resistance [1–4]. To achieve a high-power figure of merit, a rectifier must have a low drift
layer concentration, with high electron mobility, as well as low RON, and optimized edge
termination to prevent current crowding [1,5–21]. The breakdown voltage is larger for
thicker drift layers, but this degrades on-resistance. To achieve a low Ron, a thin drift layer
with high electron mobility is required. In addition, vertical geometry devices are desirable,
because of their higher power conversion efficiency and absolute currents compared to
lateral devices [1,3–5]. The expression for RON is RON =

(
4V2

B
)
/εµE3

C, where ε is the
permittivity, µ is the mobility and EC is the critical field for breakdown. The latter scales
approximately as EG

1.7. The critical field decreases with the drift layer doping and is
doping-dependent at large thickness.

The lack of p-type doping options for Ga2O3 has led to the use of p-type oxides to
form p–n heterojunctions with the n-type Ga2O3 [6–14]. The most successful has been NiO,
deposited by sputtering. The forward current transport mechanism in such junctions is typ-
ically by recombination at low biases and trap-assisted tunneling at higher bias [10,21–26].
Promising rectifier performance has been reported with this approach [12–14,21–39], in-
cluding VB > 8 kV, with a figure of merit of 13.2 GW·cm−2 [12]. The rationale for this
current work is to use a p–n heterojunction to achieve a higher breakdown voltage than is
possible with Schottky rectifiers.

Optimization of the heterojunction rectifier device structure is crucial to achieve both
high VB and low RON, as well as providing management of the maximum electric fields
within the structure to enhance further the device voltage blocking capability [40–45]. The
design variables include the thickness and doping of the layers, doping in the drift layer
and the use of the NiO as a guard ring by extending it beyond the metal cathode [46–62]. In
this paper, we report an investigation of the uniformity of achieving high VB and low RON
in heterojunction rectifiers, the effect of drift layer doping and the temperature dependence
of the performance of NiO/Ga2O3 to 600 K.

2. Experimental Section

Vertical geometry Schottky rectifiers and NiO/Ga2O3 rectifiers were fabricated on
the same wafers to compare the characteristics. The bilayer NiO thickness of 10/10 nm
and the length of the NiO extension beyond the cathode contact (12 µm) to form guard
rings were held constant. The epitaxial layer structures were purchased from Novel Crystal
Technology, Japan. They consisted of a lightly doped drift layer on a conducting substrate.
The drift region thickness was 10 µm, grown by halide vapor phase epitaxy (HVPE) on
a (001) Sn-doped (1019 cm−3), β-Ga2O3 single crystal substrate. Both on-resistance and
the breakdown voltage increase with the drift layer thickness, but breakdown voltage is a
strong function of the epilayer doping and should be as low as possible.

Full area Ohmic contacts were made to the rear surface using Ti/Au deposited by e-
beam evaporation and annealed at 550 ◦C for 180 s under N2. The front surface was cleaned
by UV/Ozone exposure for 15 min. The NiO bilayer was deposited by rf (13.56 MHz)
magnetron sputtering at 3mTorr. The hole concentration was adjusted using the Ar/O2
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ratio and the structure was annealed at 300 ◦C under O2. The gas flow ratio controls the
stoichiometry of the film and the concentration of point defects that define the effective
carrier concentration. A very detailed report of the properties of NiO deposited on Ga2O3
has been given previously [63]. The layers are polycrystalline, but we have no information
on the possible grain boundary effects on the device performance. Finally, a cathode contact
of 20/80 nm Ni/Au (100 µm diameter) was deposited onto the NiO layer. The NiO was
extended 12 µm beyond the contact metal to form a guard ring. C−2-V plots for the drift
layer doping showed the carrier concentration of the drift layers varied from 8 × 1015 to
6.7 × 1015 cm−3. Figure 1 shows a schematic of the heterojunction devices fabricated. We
also included Schottky rectifiers without the NiO in order to compare the performance of
conventional and heterojunction rectifiers. We note that the NiO extension beyond the top
contact was held constant at 12 µm to form a guard ring, which was determined by TCAD
simulations to provide the best field mitigation.
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Figure 1. Schematic of NiO heterojunction rectifiers fabricated on Ga2O3 substrate.

Characterization of the atomic structure of the NiO/β-Ga2O3 heterostructure was
carried out using high-angle annular dark-field (HAADF) imaging in the scanning mode of
transmission electron microscopy (STEM). For STEM studies, cross-section samples were
prepared using a Thermo Scientific Helios G4 Cxe dual-beam plasma focused ion beam
scanning electron microscope (PFIB-SEM). HAADF imaging in STEM was performed using
a Thermo Scientific Themis Z equipped with a probe aberration corrector operated at the
acceleration voltage of 200 kV.

The current density–voltage (J–V) characteristics were measured on a Tektronix 370-A
curve tracer, 371-B curve and Agilent 4156C. For the highest reverse voltages, a Glassman
power supply was employed. The reverse breakdown voltage was defined as the bias
for a reverse current reaching 0.1 A·cm2. The high bias measurements were performed in
Fluorinert atmosphere. The devices did not suffer permanent damage at this condition
but increasing the voltage a further 50–200 V led to permanent failure through breakdown
at the contact periphery. The on-resistance values were calculated assuming the current
spreading length was 10 µm and a 45◦ spreading angle. We also subtracted the resistance
of the cable, probe and chuck, which was around 10 Ohm. The drift layer doping was
extracted from capacitance–voltage (C–V) data measured at 100 kHz. Photos of the setup
have appeared previously [21,38].
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3. Results

Figure 2a displays a HAADF-STEM image of the vertical rectifier near the junction
between NiO and β-Ga2O3, imaged along the [010] projection with respect to the monoclinic
β-Ga2O3 structure. The high-magnification HAADF-STEM image in Figure 2b from the
red box in Figure 2a shows that the NiO/β-Ga2O3 interface is atomically abrupt. A 2 nm
thick top layer of β-Ga2O3 shows diffuse image intensity of individual atomic columns
which is likely due to the local atomic replacement resulting from the NiO sputtering
process. However, the atomic structure retains as β-phase with no visible extended defects,
indicating that the low-power sputtering process adopted in this study induces negligible
structural damage at the surface of β-Ga2O3 compared to previous reports that used
higher sputtering powers. Figure 2c,d shows a high-magnification HAADF-STEM image of
β-Ga2O3 and a corresponding atomic model which reveal the [010] zone axis with the
growth surface of (001).
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Figure 2. (a) HAADF-STEM image of the vertical heterojunction rectifier near the NiO/β-Ga2O3

interface. (b) High-magnification HAADF-STEM of the NiO/β-Ga2O3 interface in the red box in
(a) showing atomically abrupt interface marked with the yellow arrows. (c) HAADF-STEM image
from the box in (a,d) atomic structure of β-Ga2O3 in the box in (c), the [010] zone axis with the growth
in (001) direction. Blue and purple circles in (d) represents Ga atoms with tetrahedral and octahedral
coordination, respectively, while grey circles indicate oxygen. Note since the atomic number sensitive
image contracts in HAADF-STEM images, only Ga atomic columns are seen in (c).

Figure 3 shows how important it is to have the lowest possible ion energy during the
sputtering process in order to minimize the damage to the semiconductor surface. The
top of Figure 3 shows the presence of a disordered region when using a power of 150 W,
corresponding to a negative self-bias of 95–100 V on the powered electrode. By sharp
contrast, when the power was lowered to 70 W, the bottom of Figure 3 shows that the
disorder was significantly reduced. This rf sputtering power corresponded to a self-bias of
60–70 V, which reduced the corresponding ion energy incident on the surface and therefore
reduced the ion-induced damage. We found this was crucial in achieving high breakdown
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voltages in the heterojunction rectifiers. The Ga2O3 surface was sensitive to disruption
and under plasma etching conditions, the damage depth could reach over 100 nm unless
careful attention was paid to the minimization of ion-induced damage.
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Figure 3. Cross-sectional TEM images for the interfaces of NiO/Ga2O3 = heterojunctions with the
NiO deposited at 150 W sputtering power(top) or 70 W (bottom). The top image was recorded along
the [010] zone axis bottom image was recorded along the [100] projection with respect to β-Ga2O3.

Figure 4 shows an optical image of the devices fabricated over an approximate 1 cm2

area. We measured 24 separate devices over this area to give an idea of uniformity. We
focused on the 100 µm devices. The devices fell at the edge of the top contact due to
field-induced breakdown. The rectifiers that failed often showed delamination of the
epitaxial layer. There were also multiple crack lines observed along the [010] direction.
The low thermal conductivity of Ga2O3 produced mechanical failure of the material along
the natural cleavage planes. The concentration of heat in the lightly doped epitaxial
layer relative to the heavily doped substrate led to differential thermal expansion and
delamination of the epitaxial layer.
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Figure 4. Optical image of devices in a 1 cm2 area that was used to quantify uniformity of device
parameters (top left). Devices tested to failure showed catastrophic breakdown at the contact
periphery (bottom left) and delamination along crystal planes (right, top and bottom).

Figure 5 shows the collected C−2-V data from 24 locations. The drift layer doping
varied in the range 6.6–9.2 × 1015 cm−2 over the 1 cm−2 area. This was outstanding
uniformity from an HVPE growth cycle.
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Figure 6 shows a compilation of forward I–V characteristics from the 24 devices,
along with the corresponding RON and on–off ratios. The former varied in the range
7.1–7.8 mΩ·cm2 and the on–off ratios were in the range from 4.8 × 1011 to 2.9 × 1012.The
turn-on voltages were derived from the linear plots of forward current density as a function
of voltage and are shown in Figure 7. These were tightly distributed in the range 2.1–2.2 V.
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Figure 8 shows a collection of the reverse I–V characteristics from the 24 different
devices measured. The distribution of the VB values, defined as the voltage where the
reverse current reaches 0.1 A·cm−2, showed that most were >8 kV. By contrast, the Schot-
tky rectifiers fabricated on the same regions had VB values of 1100–1500 V, showing the
advantage of using the heterojunction approach. When the drift layer doping was higher
(8 × 1015 cm−3), the VB values were centered around 7.5 kV, confirming the importance
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of low background carrier concentration. Typically, the Schottky rectifier results in the
literature are in the range 800–2 kV for planar devices at these epi thicknesses, but there
is a strong variation from wafer-to-wafer and the position on the wafer due to existing
uniformity issues.
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A more detailed view is shown in the inset of Figure 8, with 22 of the 24 devices
showing breakdown > 8 kV. The maximum VB was 8.9 kV. These results emphasized the
excellent uniformity of the starting epitaxial layers. When breakdown occurred, it was
still at the contact periphery, with delamination of the epilayers occurring, as shown in
the images in Figure 4 (left bottom and right, top and bottom). This indicates that field
crowding at the edge of the contact remains an issue.

The reverse current densities at −100 V are shown in Figure 9 for the population
of devices measured. Again, the spatial variation was relatively small, with all devices
exhibiting values <10−7 A·cm−2.

We also measured the temperature dependence of VB. Figure 10 shows that for the
heterojunction devices, there was a relatively small degradation in VB to 600 K. This was
in contrast to the case of the Schottky rectifiers fabricated on the same wafers, where the
breakdown voltage exhibited a large negative temperature coefficient. We also observed
that the RON increased with temperature, due to the deterioration of mobility. In Ga2O3, the
ionization energy of the n-type dopants is small, so increased ionization does not reduce
the RON. Note that in the figure we have shown the range of values obtained at 300 K; we
took the highest value for discussion of the temperature dependence.

To place this work in context, Figure 11 shows a compilation of the literature values
for on-resistance as a function of the breakdown voltage for the rectifiers measured at
room temperature, along with the theoretical values for SiC, GaN and Ga2O3. The bar
indicated in red shows the values we obtained in this work for the breakdown voltage of
the NiO/GaO3 rectifiers as a function of temperature from 300 = −600 K. Note that the
heterojunction rectifiers have much larger breakdown voltages than the Schottky diodes.
Since this was the first study of the temperature dependence in the performance of the
heterojunction rectifiers, more work is needed to understand the results, but the large
bandgaps of the NiO and Ga2O3 are conducive to high temperature operation. In addition,
while impact ionization should have a positive temperature coefficient, that is not the
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dominant breakdown mechanism in the current state-of-the art material, where the impact
ionization of deep acceptors has been identified as the dominant mechanism [64,65].
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4. Summary and Conclusions

The power figure of merits reported here were around 26% of the theoretical maximum
for Ga2O3 assuming the 1D punch-through breakdown mechanism; it is anticipated that
the continued reduction in defect density could enhance the future performance closer
to this maximum. This is because bulk Ga2O3 crystals are known to have internal planar
defects, i.e., plate-like voids and stacking faults, and it is known that higher dislocation
densities lead to higher leakage currents in Ga2O3 rectifiers. The dislocations can act as
recombination centers for electrons and holes, leading to an increased probability of carrier
recombination and subsequent leakage current and hence lower breakdown voltage. The
killer defect density was still quite high (10~100/cm2), caused by a specific powder mainly
generated during epitaxial deposition. One possible approach to removing these is to soak
the sample in 100 ◦C 11 M KOH for 30 min to remove it. It should be an important step for
fabricating larger diodes. The difficulty of having a thicker epilayer is due to the formation
of cracks that occur during longer growth times.

The NiO/Ga2O3 heterojunction rectifier is potentially an ideal structure for high-
voltage and high-power applications, where it can offer better efficiency and reduced
energy losses compared to traditional semiconductors. The wide bandgap of both NiO
(~3.9 eV) and β-Ga2O3 (4.8 eV) also makes the power rectifiers from this heterojunction
attractive for high-temperature applications. The heterojunction produced breakdown
voltages far more than the Schottky rectifiers fabricated on the same wafer and confirmed
that the NiO can act as both the p-layer and guard ring material. For a particular drift layer
doping, there is a saturation thickness beyond which VB does not increase further. If the
doping level is reduced, the saturation thickness increases. In our case, we observed a clear
increase in the VB with reduced drift layer doping. It was also important to minimize the
RON to limit the power lost due to Joule heating. It should also be remembered that the RON
is not necessarily the heterojunction rectifiers actual resistance in the on-state, where the
conduction mechanism is dominated by the minority carrier diffusion of minority carriers.
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The RON normally reported is the unipolar drift resistance, which is usually smaller than
the diffusion resistance.

What are the implications for the expected critical breakdown field of Ga2O3? This
is generally reported as ~8 mV·cm−1, but there is considerable uncertainty around this
value, since most calculations assume breakdown occurs when the applied electric field and
depletion width are sufficiently high to create infinite charge multiplication. This inherently
assumes that the impact ionization is the breakdown mechanism, but this has never been
experimentally verified in Ga2O3 and in any case, the impact ionization coefficients have
not been measured either. The performance of NiO/β-Ga2O3 rectifiers deteriorates only
slightly with temperature up to 600 K. Thermal-induced failure of rectifiers can occur
due to plastic crystallographic deformation near the epi–substrate interface, and electrical
breakdown is still dominated by field crowding at the contact periphery [66].

The important points to achieve high device performance were: (1) low drift doping
concentration, (2) low power during the NiO deposition and (3) formation of a guard ring.
The functional dependence of the first of these is well understood, but it has not been
widely understood that the surface of Ga2O3 is quite sensitive too ion-induced damage,
hence, the NiO sputter depiction conditions must be optimized. Finally, field mitigation at
the edge of the top contact is still crucial, hence, the NiO extension beyond this contact is
important.

The excellent performance reported here make the NiO/Ga2O3 power rectifiers
promising for high-power and high-temperature applications such as electric vehicles,
power electronics and aerospace.
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