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ABSTRACT

The temperature-dependent behavior of on/off ratio and reverse recovery time in vertical heterojunction p-NiO/β n-Ga2O/n
+ Ga2O3 rectifi-

ers was investigated over the temperature range of 25–300 °C. The device characteristics in forward bias showed evidence of multiple current
transport mechanisms and were found to be dependent on the applied bias voltages and temperatures. The on–off ratio decreased from
3 × 106 at 25 °C to 2.5 × 104 at 300 °C for switching to 100 V reverse bias. For 200 μm diameter rectifiers, the reverse recovery time of ∼21 ns
was independent of temperature, with the Irr monotonically increasing from 15.1 mA at 25 °C to 25.6 mA at 250 °C and dropping at 300 °C.
The dI/dt increased from 4.2 to 4.6 A/μs over this temperature range. The turn-on voltage decreased from 2.9 V at 25 °C to 1.7 V at 300 °C.
The temperature coefficient of breakdown voltage was negative and does not support the presence of avalanche breakdown in NiO/β-Ga2O3

rectifiers. The energy loss during switching from 100 V was in the range 23–31 μJ over the temperature range investigated.
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I. INTRODUCTION

There is significant interest in Ga2O3 based power electronics
for potential applications in hybrid-electric vehicles, wireless
charging, and power flow control in renewable energy systems.1–12

One drawback for this material system is the absence of a practical
p-type doping capability,13–19 but progress has been made in
heterojunction devices involving using a heterojunction of
(AlxGa1−x)2O3/Ga2O3 (Ref. 2) or p-type oxides, especially NiO.20–33

There is still a need to fully understand the high on-resistance (Ron)
and switching characteristics of conventional Schottky rectifiers and
heterojunction rectifiers.34–40

For Schottky contacts on Ga2O3, there is now a fairly good
framework to understand their behavior.41–51 The highest reported
barrier height values of ∼2.1 eV have been reported for oxidized
metal contacts of PtOx and IrOx deposited by reactive sputtering
on (−201) Ga2O. substrates.

47 Extending this to the use of p-type
metal oxides allows a transition to p–n junction behavior and also
the incorporation of the oxide in edge termination schemes.20–33,52

In this paper, we report on the temperature dependence of
switching characteristics of vertical heterojunction p-NiO/β

n-Ga2O/n
+ Ga2O3 rectifiers, in which the NiO is deposited by sput-

tering and the p-type carrier concentration can be controlled by
the gas ratios during deposition.

II. EXPERIMENT

The device structure was a 10 μm thick epitaxial layer
(2 × 1016 cm−3) grown by halide vapor phase epitaxy (HVPE) on a
(001) surface orientation n+ β-Ga2O3 single crystal substrate (Novel
Crystal Technology, Japan). The backside Ti/Au Ohmic contact
was deposited by e-beam evaporation and annealed at 550°C for
60 s under N2.

36,53 The frontside NiO was deposited by magnetron
sputtering (3 mTorr, 150W, 13.56MHz) from two targets to
achieve a deposition rate of ∼0.2 Å s−1. The carrier concentration
in the bilayer (10/10 nm) structure was controlled by the Ar/O2

ratio during sputtering at levels of 2 × 1018–3 × 1019 cm−3, with
mobility < 1 cm2 V−1 s−1. This structure was to optimize both
breakdown voltage and contact resistance.50 Ni/Au contact metal
(200–1000 μm diameter) was deposited onto the NiO layer after
annealing at 300 °C under O2 ambient. Figure 1 shows both
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(a) schematic of the device structure and (b) optical image of the
completed device.

The current–voltage (I–V) characteristics were recorded with a
Tektronix 370-A curve tracer, 371-B curve tracer and Agilent
4156C was used for forward and reverse current measurements
over the temperature range of 25–300 °C. The reverse recovery was
measured on a pulse generator at low bias (10 V), while the power
loss during switching was also measured at higher voltage (100 V)
using an inductive-load circuit.17

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature-dependent forward current
density–voltage (J–V) characteristics of the heterojunction rectifiers,
as well as the differential specific on-resistance (Ron) values, which
at 25 °C was 14.2 mΩ cm2. Different regions with obvious inflection
points can be observed before the effect of series resistance domi-
nates beyond 2.5 V, implying the existence of multiple current con-
duction mechanisms. This is different from a conventional
Schottky rectifier, which generally only shows two regions in which
the current at low forward voltages (<0.5 V) is dominated by tun-
neling, while between 0.5 and 1 V, follows an exponential relation

due to recombination-tunneling. The forward current in the heter-
ojunctions is most likely dominated by hole injection from the
p-NiO to n-Ga2O3. Previous reports have ascribed the different
regions to tunneling at low bias, diffusion conduction at moderate
forward bias, and space-charge-limited current prior to the effect of
series resistance.39,54 The Ron values show a reduction with increas-
ing forward bias, possibly from conductivity modulation from hole
injection. The devices showed excellent rectification characteristics
over the entire temperature range.FIG. 1. (a) Schematic of the optimized NiO/Ga2O3 heterojunction rectifier.

(b) Optical microscope image of completed device.

FIG. 2. Temperature dependence of forward current density and on-state
resistance.

FIG. 3. Temperature dependence of forward turn-on voltage. The voltage shifts
to lower values with increasing temperature.
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Figure 3 shows the turn-on voltage (Von, extracted by linear
fitting the forward region) was approximately 2.9 V at room tem-
perature and decreased monotonically with temperature. The
turn-on voltage is larger than that of the conventional Schottky rec-
tifier on the same device structure. The NiO/Ga2O3 heterojunction
band alignment is a type-II staggered configuration, in which the
valence/conduction bands of the NiO are approximately 0.9/0.2 eV

higher than that of Ga2O3,
52 respectively. Therefore, under forward

bias, there is upward bending of the conduction band of Ga2O3 at
the interface with NiO and the conduction band offset is sufficient
to accumulate electrons at the Ga2O3, while holes in the valence
band of the NiO are injected into the Ga2O3 at low bias voltage.
The shift of turn-on voltage with temperature is due to the decrease
in the barrier width due to diffusion of holes.

The ideality factor, n, values at different temperatures were
obtained from the slope of the ln I–V plot and were in the range
∼2.5–4, as shown in Fig. 4. These values >1 suggest the presence of
defect states in the NiO. The activation energy (ΔE) was ∼0.75 eV
for the heterojunction. There are several trap states reported at this
energy for β-Ga2O3, but the origin is not yet clear.53 In addition, the
recombination-tunneling current transport was suppressed at higher
temperature, suggesting diffusion conduction is dominant.

The reverse I–V characteristics of the heterojunction diodes
are shown in Fig. 5 and were fitted to the usual pn junction

FIG. 4. Ideality factor as a function of temperature, derived from plots of
ln (I) vs V.

FIG. 5. Temperature dependence of reverse current density in NiO/Ga2O3

rectifiers. Current increases with temperature.

FIG. 6. Temperature dependence of on–off ratio when switching from −10 V
forward to the reverse voltage shown on the x axis. This ratio decreases with
increasing temperature.

TABLE I. Summary of switching performance of heterojunction NiO/Ga2O3 rectifiers
without circuit board.

T (oC) Trr (ns) Irr (mA) dI/dt (A μs) IF (mA)
Energy
loss (nJ)

25 21 −15 4.2 80 27
100 22 −17 4.3 80 28
150 21 −20 4.4 80 29
200 22 −22 4.5 80 30
250 21 −26 4.6 80 34
300 21 −21 4.6 80 34
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equation. The breakdown voltage showed a negative temperature
coefficient, showing that impact ionization is not the breakdown
mechanism since that should exhibit positive temperature coeffi-
cient.1,3,6 The absolute breakdown voltage is lower than the theoret-
ical value because of the presence of defects in the starting
substrate and epi layers, as is typical for new technologies and is
widely reported or Ga2O3.

7,8 At lower voltages, reverse bias leakage
current was dominated by thermionic field emission (TFE). The
leakage current showed a good fit to the TFE model when the
reverse voltage was less than 50 V. At higher voltages, electron
injection into the drift region produces an I∝Vn relationship with
the voltage, indicating trap-assisted space-charge-limited conduc-
tion (SCLC). The reverse current characteristics at different

temperatures all show a I ∝ Vn, with n < 2. Values of >2 would be
obtained if trap charge-limited SCLC with an exponent distribution
of traps was dominant.

The on–off ratio is another figure of merit in that having high
on-current and low leakage current in reverse bias is desirable. This
was >105 for all temperatures measured, as shown in Fig. 6, but
decreased with increasing temperature due to an increase in reverse
current.

The reverse recovery time of ∼21 ns was independent of tem-
perature, with the Irr monotonically increasing from 15.1 mA at
25 °C to 25.6 mA at 250 °C. The dI/dt increased from 4.2 to
4.6 A μs over this temperature range, as summarized in Table I.
The reverse recovery time is defined as the time required to reach

FIG. 7. Temperature dependence of (a) switching characteristics and (b) power
loss of vertical rectifiers under pulsed conditions (period = 50 μs, duty
cycle = 1 μs (20%), power supply = ± 10 V) without circuit board.

FIG. 8. Temperature dependence of (a) switching characteristics and (b) power
loss of vertical rectifiers under pulsed conditions (period = 50 μs, duty
cycle = 0.1 μs (2%), voltage switched from 100 V) with circuit board.
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25% of the peak current. As can be seen in Fig. 7(a), the reverse
recovery time is basically independent of temperature. The switch-
ing loss is plotted in Fig 7(b). These were measured at relatively low
voltage so that we did not need the inductive-load switching circuit
that allows higher biases, but whose power transistors dominate
reverse recovery times.17 Lu et al.55 reported 14 ns for similar
Schottky rectifiers. Our values for the NiO/Ga2O3 are roughly twice
this result. Gong et al.30,31 reported a reverse recovery time of 11 ns
on a NiO/Ga2O3 heterojunction rectifier of 1 mm2 area, although
this was defined as recovery of current to 10% of its peak value,
whereas other reports use 25%. Though the changes were small, we
found in general that the peak reverse recovery current increased
with increasing dI/ dt, and the recovery time decreased with
increasing dI/dt.

Finally, we measured the switching waveform and turn-off
power loss for 1 mm diameter devices, as shown in Figs. 8(a)
and 8(b), respectively, for switching from 100 V within the
inductive-load circuit. Note that under these conditions, the reverse
recovery time is dominated by the Si power MOSFET in the mea-
suring circuit, leading to a measurement-limited value >100 ns
(Table II), but the turn-off power loss is accurate and gives some
indication of switching performance under more practical voltages
and currents. The magnitude of reverse recovery current produced
by the NiO/Ga2O3 rectifier and the peak switching power during
reverse recovery is significantly lower as compared to typical Si
ultrafast diodes, indicating these heterojunction rectifiers are appli-
cable to high power and high frequency applications.

IV. SUMMARY AND CONCLUSIONS

Vertical p-NiO/ n-Ga2O3 heterojunction rectifiers show
turn-on voltage and specific on-resistance of <2.9 V over tempera-
tures of up to 300 °C. The turn-on voltage decreased with tempera-
ture, while the on-state resistance increased. The on–off ratio
decreased from 3 × 106 at 25 °C to 2.5 × 104 at 300 °C for switching
to 100 V reverse bias. For 200 μm diameter rectifiers, the reverse
recovery was independent of temperature, suggesting the excellent
potential of these devices for elevated temperature power switching.
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