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The characteristics of NiO/β-(Al0.21Ga0.79)2O3/Ga2O3 heterojunction lateral geometry rectifiers with the epitaxial layers grown
by metal organic chemical vapor deposition were measured over a temperature range from 25 °C–225 °C. The forward current
increased with temperature, while the on-state resistance decreased from 360 Ω.cm2 at 25 °C to 30 Ω.cm2 at 225 °C. The forward
turn-on voltage was reduced from 4 V at 25 °C to 1.9 V at 225 °C. The reverse breakdown voltage at room temperature was
∼4.2 kV, with a temperature coefficient of −16.5 V K−1. This negative temperature coefficient precludes avalanche being the
breakdown mechanism and indicates that defects still dominate the reverse conduction characteristics. The corresponding power
figures-of-merit were 0.27–0.49 MW.cm−2. The maximum on/off ratios improved with temperature from 2105 at 25 °C to 3 × 107
at 225 °C when switching from 5 V forward to 0 V. The high temperature performance of the NiO/β-(Al0.21Ga0.79)2O3/Ga2O3
lateral rectifiers is promising if the current rate of optimization continues.
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There is continued interest in β-Ga2O3 for power electronics due
to the potential for significant power savings from the improved
switching efficiency of such devices relative to lower bandgap
semiconductors such as GaN and SiC.1–3 This also translates to the
possibility of higher temperature operation due to the lower intrinsic
carrier concentration in Ga2O3. The increased electrification of
automobiles and the need to efficiently switch renewable energy
into power grids or to charge electric vehicles has increased interest
in the use of ultra-wide bandgap semiconductors like Ga2O3 in
power management and control systems.4–23 This could lead to
faster switching at higher power levels for more efficient charging
systems and improved control and protection of power distribution
systems.22–30 Thus, the target is the realization of more efficient,
high-power, high-speed electronic converters containing rectifiers
and switches.31–36

The absence of shallow acceptor dopants in this material4,5 has
prompted the use of p-type oxides to form p–n junctions with n-type
Ga2O3.

6,7 The most successful of these has been NiO, usually
deposited by sputtering in which the O2/Ar ratio can be used to
control the conductivity.8,9 The p-n junction has superior voltage
blocking capability compared to Schottky rectifiers and ensures low
leakage in the off state. The latter is advantageous for reliability and
reduced power loss. The p–n junction also stops holes generated in
the high field blocking region from accumulating in the bulk or at
dielectric/semiconductor interfaces and also from being injected and
trapped in the dielectrics. Lastly, a p–n junction enables non-
destructive avalanche operation, which provides ruggedness for
overvoltage situations. Many promising device results on vertical
and lateral rectifiers using this heterojunction have been
reported.10–21 The NiO/β-Ga2O3 heterojunction has a type II band
alignment,9,37–39 which is retained up to annealing temperatures of at
least 600 °C.10 NiO has also been found to have a high critical field,
in the range 5–10 MV.cm−1 11 and has been employed for edge

termination as well as p–n junction formation.40,41 It has generally
been deposited by sputtering but also can be grown epitaxially.37,42

While the characteristics of NiO/Ga2O3 rectifiers has been the
focus, there is less information on their operation at elevated
temperatures.43,44 The temperature dependence of reverse recovery
and on-off ratio on vertical NiO/Ga2O3 rectifiers showed a decrease
in turn-on voltage and a reverse recovery time that was independent
of temperature.44 Hao et al.41 reported reverse currents in vertical
rectifier with NiO junction termination extension that increased
significantly with temperature and was ascribed to trap-related
leakage mechanisms such as Poole–Frenkel emission. They sug-
gested the origin of the defects was sputtering damage and indeed
thin damaged layers on NiO deposited Ga2O3 have been reported
previously.40 The use of epitaxially grown NiO should prevent
this.45 W-based contacts on Ga2O3 have proven stable to 500 °C,42

while conventional Ni/Au contacts were operational to 325 °C.44

There are also advantages to replacing GaO3 with (AlxGa1−x)2O3

to improve breakdown voltage and power figure-of-merit.23–25 The
use of the alloy increases the barrier height of metals to this layer,
which reduces reverse leakage current in vertical rectifiers, while
grading the composition can mitigate increases in on-state
resistance.23 Masten et al.22 used a similar approach to fabricate
β-(AlxGa1−x)2O3/β-Ga2O3 metal-semiconductor field effect transis-
tors with promising performance. We have previously shown that
such structures may reach high breakdown voltages, around 7 kV,
but have relatively high on-resistance.46

In this paper, we report the temperature dependence of dc
parameters for lateral NiO/β-(AlxGa1−x)2O3/Ga2O3 heterojunction
rectifiers grown by MOCVD with a bilayer NiO structure deposited
by sputtering. The devices show promising temperature dependence
of both on/off ratio and breakdown characteristics.

Experimental

The β-(AlxGa1−x)2O3/β-Ga2O3 epitaxial structure was grown at
low pressure (15 Torr) at 800 °C on a Fe doped (010) β-Ga2O3 1’
substrate (Synoptics) in an Agnitron Agilis 500 multi-wafer
MOCVD system. The precursors were trimethylaluminum (TMAl),
triethylgallium (TEGa), and oxygen (5 N). The carrier gas was argonzE-mail: hwan@ufl.edu
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(6 N).22,23 The layer structure is shown schematically in Fig. 1 top
and consists of 70 nm thick Si doped β-(AlxGa1−x)2O3 layer on
∼300 nm UID β-Ga2O3 buffer. The AlGaO layer was doped with Si
to 4 × 1017 cm−3 from a silane source diluted in nitrogen (SiH4/N2).
The Al concentration in this layer was 20.6%, as determined by
X-ray diffraction. The sheet resistance was7636 Ω sq−1. and the
sheet carrier concentration was 7.2 × 1012 cm−2.22 The electron
mobility in the layer was 114 cm2 V·s−1.

The NiO bilayer was deposited by rf magnetron sputtering at a
working pressure of 3mTorr and 13.56 MHz. The gas flow ratio of
Ar/O2 was found to be the most important parameter in controlling

the conductivity of the NiO. The bilayer NiO structure was used to
optimize both sheet resistance and breakdown voltage. The large
conduction band offset of NiO on AlGaO should lead to accumula-
tion of electrons at the interface.37,38 The NiO was contacted with
100 nm of Ni/Au, with circular contacts of 80 μm. The Ohmic
contacts consisted of 100 nm of Ti/Au. As reported previously, the
specific contact resistance was 0.12 Ω.cm2, with a transfer length of
1.48 μm, while the sheet resistance under the Ti/Au Ohmic contact
was 5.3 × 106 Ω square−1. Note that no mesa etching is needed in
this process. An optical image of the device layout is shown in
Fig. 1(bottom).

Figure 1. (Top) Schematic of lateral diode structure (bottom) optical image of completed devices.
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Figure 2. Forward current density and on-state resistance for rectifiers as a
function of temperature.

Figure 3. Linear J-V characteristics to extract forward turn-on voltage as a
function of temperature.

Figure 4. RON and VON as a function of temperature.

Figure 5. On/off ratio as a function of temperature when switching from
+5 V to 100 V.

Figure 6. (Top) Reverse I–V characteristics of rectifiers up to (a) −100 V or
(bottom) −1500 V as a function of temperature.
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The current density-voltage (J–V) characteristics from
25 °C–225 °C were measured on a Tektronix 371-B curve tracer at
high voltage, while an Agilent 4156 C was used for forward and
reverse current measurements at low biases. The reverse breakdown
voltage was defined as the bias for a reverse current density reaching
0.1 A.cm−2. The on-off ratio was measured over the same tempera-
ture range for switching from +5 V forward voltage to 0 V.

Results and Discussion

Figure 2 shows the forward current density characteristics and
on-state resistances, RON, for temperatures from 25 °C–225 °C. The
forward current increases with temperature, indicating the effective
barrier height is strongly temperature dependent. This indicates the
forward characteristic deviates from ideal thermionic emission.
Often this is a result of inhomogeneity of the interface under the
Ni/Au contacts.47 These J–V characteristics are linear at low biases,
while deviating from linearity at higher voltage due to series
resistance effects. The RON values ranged from 360 Ω.cm2 at
25 °C to 30 Ω.cm2 at 225 °C.

The same data is shown in linear form in Fig. 3, allowing the
turn-on voltage to be obtained from the intercept of each plot. These
were reduced from 4 V at 25 °C to 1.9 V at 225 °C. This is an
advantage for these devices in terms of operating at elevated
temperatures, as the forward conduction begins at lower voltages.

The temperature dependence of RON and VON is shown in Fig. 4.
Note that RON shows a monotonic decrease over the entire
temperature range examined, showing the expected decrease in
carrier mobility at elevated temperatures is outweighed by the
decrease in effective barrier height and bandgap.

Figure 5 shows the temperature dependence of the on-off ratio,
which improved with temperature from 2 × 105 at 25 °C to 3 × 107

at 225 °C when switching from 5 V forward to 0 V. This is also an
advantage for elevated temperature operation of these lateral
rectifiers.

The reverse J–V characteristics are shown for low bias up to
−100 V in Fig. 6 (top) and for larger biases (1500 V) in Fig. 6
(bottom). This reverse leakage current was dominated by thermionic
field emission in the low bias range, while at higher biases, the
dominant transport mechanism is trap-assisted space-charge-limited
conduction. The breakdown voltages as a function of temperature
were extracted from the reverse J–V characteristics, as shown in
Fig. 7. The breakdown at 25 °C was ∼4.2 kV, with a temperature
coefficient of −16.5 V K−1. This negative temperature coefficient
shows that the breakdown is not due to the avalanche breakdown
mechanism since that should exhibit a positive temperature
coefficient.45 Our experimental data for VB with temperature can

be expressed as:

β= + ( − )V V T T1B B0 0

where β = –16.5 ± 1.6 V. K–1. Previous work has shown in vertical
geometry Ga2O3 rectifiers that impact ionization of deep acceptors is
a strong contributor to breakdown, but those samples were grown by
hydride vapor phase epitaxy and would not necessarily have the
same impurities as these more refined MOCVD grown layers. For
comparison, room temperature breakdown voltages in Ga2O3 metal
semiconductor MESFETs and MOSFETs are typically 2–4 kV.48–54

The highest breakdown voltage for a lateral MOSFET is 8.56 kV in
vacuum annealed devices,45,52 although the performance as a
function of temperature was not reported.

The power figure-of-merit (FOM), VB
2/RON, where VB is the

reverse breakdown voltage, for the rectifiers was in the range
0.27–0.49 MW.cm−2 over our investigated temperature range.

The breakdown fields calculated from the observed breakdown
voltages at different temperatures were 5.25 × 105 V cm−1 at 25 °C,
and 1.2 × 105 V cm−1 at 225 °C. Currently, all Ga2O3 lateral as well
as vertical rectifiers show performance limited by the presence of
defects and by breakdown initiated in the depletion region near the
electrode corners.

Since inverter systems need both switching devices and rectifiers,
lateral geometry devices in this ultra-wide bandgap materials system are
also of interest. Since a key goal in enhancing the efficiency and
resilience of power grids is to enable faster switching and/or triggering
at higher current and voltage levels, for Ga2O3 to play a role, the on-
state resistance must be reduced while retaining the high breakdown
voltages. Note that all of the reported figures of merit for lateral devices
still fall well short of the theoretical values for Ga2O3, with only some
being superior at this stage to the limits for Si. This emphasizes how
much more development is needed for Ga2O3 power electronics.

Summary and Conclusions

The performance of NiO/β-(Al0.21 Ga0.79)2O3/Ga2O3 heterojunc-
tion lateral geometry rectifiers was studied for temperatures up to
225 °C. While the rectifiers show a negative temperature coefficient
for breakdown voltage, both RON and VON decrease with temperature.
Positive temperature coefficients would indicate that the breakdown in
the diodes is being determined by avalanche breakdown caused by
impact ionization. The dominant breakdown mechanism in Ga2O3

devices is not yet clear and it is not obvious that classical avalanche
(impact ionization) occurs in such a wide bandgap material with a
significant degree of ionicity in its bonds. Differences in electronic
structure could lead to other dielectric breakdown processes, such as
bond breakage and material degradation and/or electron emission. For
instance, the ionization coefficient of electrons in Ga2O3 is much
lower than that of holes, since the width of the lowest-lying
conduction band is narrower than the bandgap itself. In addition,
the electron affinity is smaller than the bandgap. In current Ga2O3

devices there is clear evidence that breakdown occurs by tunneling or
direct impact ionization of trap states.

In addition, previous work has shown the (Al0.21 Ga0.79)2O3 and
NiO are both thermally stable above this temperature. The high RON

values mean the device performance is far from the AlGaO limit,
with the RON values inferior to the projected Si limit. This is an area
that must be optimized. The use of the industry standard MOCVD
growth, simple fabrication and avoidance of mesa etching processes
are all advantages of the approach outlined in this work. There is still
room for further improvement in breakdown voltage by field plates
and other edge termination methods. Recent progress in extending
the breakdown voltage above 8 kV in vertical rectifiers has shown
the value of field management.55–57
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