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ABSTRACT

The high breakdown voltage and low on-state resistance of Schottky rectifiers fabricated on β-Ga2O3 leads to low switching losses, making
them attractive for power inverters. One of the main goals is to achieve high forward currents, requiring the fabrication of large area (>1 cm2)
devices in order to keep the current density below the threshold for thermally driven failure. A problem encountered during the measurement
of these larger area devices is the dependence of current spreading on the probe size, resistance, number, and geometry, which leads to lower
currents than expected. We demonstrate how a multiprobe array (6 × 8mm2) provides a means of mitigating this effect and measure a single
sweep forward current up to 135 A on a 1.15 cm2 rectifier fabricated on a vertical Ga2O3 structure. Technology computer-aided design simula-
tions using the FLOODS code, a self-consistent partial differential equation solver, provide a systematic insight into the role of probe placement,
size (40–4120 μm), number (1–5), and the sheet resistance of the metal contact on the resultant current-voltage characteristics of the rectifiers.

Published under license by AVS. https://doi.org/10.1116/6.0000815

I. INTRODUCTION

Ga2O3 is an ultrawide bandgap semiconductor that is attracting
attention for power electronics applications.1–10 The stable β-polytype
has a bandgap of ∼4.8 eV, a high breakdown field in the range
6–8MV/cm, and is relatively well-developed in terms of bulk and
epitaxial growth and n-type doping capability.1–10 While the thermal
conductivity is lower than for GaN and SiC, there may be an applica-
tion space for high current Schottky rectifiers that can be heteroge-
neously integrated with Si superjunctions or SiC switches in inverter
units and more generally in power devices to regulate the flow and
conversion of electricity.11–36 The Baliga figure of merit for power
devices depends on the critical breakdown field to the third power,
and this critical field scales as roughly the bandgap (EG) to the 1.9
power,37 so it is clear that increasing the bandgap can really improve
the potential for high power performance.

One notable potential market is inverters for electric
vehicles.2,3,8,9,11 Others include uninterruptible power supplies,

inverters for photovoltaic systems, power supplies for servers,
and charging stations for a range of products, including electric
vehicles.2,3,8,9,11 Even higher power density and operational
temperature and voltage capabilities may allow for power elec-
tronics to drive future electrification and next generation power
grids.11 Electricity accounts for ∼38% of primary energy con-
sumption in the U.S. and is the fastest growing form of end-use
energy.11 Power electronics play a significant role in the delivery
of this electricity in the control and conversion of electrical
power to achieve optimal transmission, distribution, and load-
side consumption. The fraction of electricity processed through
some form of power electronics is estimated to be ∼80% by
2030, a doubling over the current value.37 Advances in power
electronics have the potential for enormous energy efficiency
improvements. While power devices based on wide-bandgap
semiconductors, such as SiC and GaN, offer enhanced perfor-
mance for many applications, even higher powers can be
achieved with the ultrawide bandgap materials. The switching
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electronics for future grid applications needs to achieve currents
>100 A.11

Vertical rectifiers are required in order to achieve high abso-
lute switching currents.17,26,38–43 The evolution of Ga2O3 Schottky
vertical rectifiers has seen a move from unterminated devices on
bulk substrates to the use of thick epitaxial drift regions, followed
by trench structures to enhance the breakdown voltage and then to
large area device arrays with forward currents above 30 A under
single sweep conditions.8,9,17,27 The α-polytype of Ga2O3 has an
even larger bandgap (∼5.3 eV),5 but the device results reported to
date lag behind those with the β-polytype.44–47 Oda et al.44

reported Schottky barrier diodes of corundum-structured gallium
oxide with on-resistance of 0.1 mΩ cm2 grown by mist epitaxy.
Kaneko et al.45 also reported rectifiers on corundum-structured
α-Ga2O3. Another often mentioned issue with Ga2O3 is the
absence of p-type doping, but this is not a major drawback for rec-
tifiers because the inversion time constant is so large at this
bandgap and there are few mobile holes due to acceptor trap or
impact ionization and the flat valence band. The small amount of
stored charge leads to low switching losses.

Besides high forward current and good reverse breakdown
voltage (VBD), it is important to achieve low on-state resistance (RON),
which determines system efficiency and thermal loss.1–4,8,9,11,37 The
on-resistance consists of contributions from the contact resistance,
drift region resistance, and the substrate resistance. The latter is mini-
mized by using a heavily doped substrate, while the contact resistance
is minimized by techniques such as doping under the contact using
implantation, plasma exposure, or annealing.8,9,48–50 A recent analysis
suggests that RON � V2

BDE
�5:58
G for power switches.37

In this paper, we describe the effect of measurement probe
size, number, and spacing on the performance of large area
(∼1 cm2), high current (single sweep up to 135 A) Ga2O3 recti-
fiers and how these must be taken into account to reveal the true
I-V characteristics.

II. EXPERIMENT

The device structure and fabrication of large area rectifiers has
been described in detail previously,17,26 but in brief, the starting
material was a 2-in. diameter Sn-doped (n = 3.6 × 1018 cm−3)
β-Ga2O3 substrate with (001) orientation, 650 μm thick, with a
10 μm Si doped (2.3 × 1016 cm−3) epitaxial drift layer grown on top
of this by halide vapor phase epitaxy. This gives a range of break-
down voltages from >1 kV for small area devices (contact diameter
∼100 μm) to ∼300 V for large devices (∼1 cm2) used for the high
current measurements. The origin of reverse leakage current in
these types of structures has been assigned to electric field crowd-
ing at small voids, with a typical width and depth of 300 and
83 nm, respectively, below the Schottky barrier contact on the
Ga2O3 surface.

50 There is no clear relationship between the leakage
current path and dislocations present in the initial substrate.50

A full area Ti (400 nm)/Au (100 nm) backside Ohmic contact
was formed by annealing at 550 °C under N2. A bilayer dielectric of
40 nm of Al2O3 and 360 nm of SiNx was used for the field plate.
These layers were deposited using a Cambridge-Nano-Fiji atomic
layer deposition and Plasma-Therm plasma enhanced chemical
vapor deposition system, respectively. Field-plates with different

FIG. 1. Optical images of (a) fabricated rectifiers on-wafer, showing a range of
areas from 0.035 to 1.89 cm2. (b) Map of individual device sizes, listed in micro-
meters. (c) Forward I-V of rectifier with area 1.15 cm2. (d) Reverse I-V of rectifier
with area 1.15 cm2.
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sized windows were opened, and an 80 nm thick W (40 nm)/Au
(40 nm) Schottky contact was deposited by sputtering deposition
followed by 500 °C annealing for 5 min under N2 to reduce leakage
current. 450 nm thick Ti (300 nm)/Au (150 nm) contact was depos-
ited by e-beam evaporation on top of W/Au contact and patterned
using standard photolithography to thicken the Schottky contact in
order to reduce spreading resistance. The contact area of the result-
ing rectifiers varied from 0.035 to 1.89 cm2. A microscope image of
the completed wafer is shown in Fig. 1(a), with a map of the
various individual devices and their sizes (in micrometers) shown
in Fig. 1(b). The single sweep current-voltage (I-V) characteristics
were measured in air at 25 °C on an Agilent 4145B parameter
analyzer and a 4284A Precision LCR Meter. For reverse voltages
>100 V and forward currents >100 mA, a Tektronix 370 A curve
tracer was used due to the rating limits of the Agilent analyzer. A
variety of probes were used for the I-V measurements, including
spring-mounted Al rods with diameter 3175–6350 μm (0.3175–
0.635 cm) and a 6 × 8 array of 0.35 mm Au-tipped stainless-steel
probes (area 48 mm2).

The FLOODS TCAD tool51 is used to generate a comprehensive
overview of how the measurement probe setup affects the perfor-
mance of the Ga2O3 rectifiers. A 2D device structure is created and
the device equations are initialized in FLOODS, which solves the
partial differential equations using the Newton method and discre-
tizes them in space using the finite element method.51,52 A simple
schematic of the device is given in Fig. 2, where the n-type
β-Ga2O3 (Nd= 1 × 1016 cm−3) epitaxial layer is grown on a highly

doped n + β-Ga2O3 substrate (3.6 × 1018 cm−3) with a device diam-
eter of 5000 μm. In order to simulate the thermionic emission at
the metal-semiconductor interface, the required boundary condi-
tions have been applied at the top contact (Schottky) and bottom

FIG. 2. Schematic of the simulated β-Ga2O3 Schottky diode.

TABLE I. Electrical conductivities and the typical range Schottky barrier height of
the contact metals used in the simulation.

Contact metal
Electrical conductivity

(S/m)
Schottky barrier height

(eV)

Gold 4.11 × 107 0.98–1.71
Nickel 1.43 × 107 0.8–1.54
Tungsten 1.79 × 107 0.91

FIG. 3. Simulated band structure of the metal/β-Ga2O3 interface during (a)
equilibrium, (b) moderate forward bias, and (c) large forward bias. The
larger the slope of the conduction band, the higher is the current flux into
the metal.
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contact (Ohmic). The top contact metal is considered to be a
300 nm thin gold layer while the Schottky barrier height (fb) is
1.04 eV. The Schottky barrier height was compared to the experi-
mental values obtained from the slope of the linear region of the
forward I-V characteristics.53

The probe contact is also defined to take into account the
structural variations of the measurement probe setup and the side-
walls have a reflective boundary condition. We perform steady-state
isothermal simulations as the top contact is biased to 2 V and the
I-V curves are traced.

We expect to see the effects of the sheet resistance of the
contact metal in such large devices, and to model this, we also solve
for the vacuum level and Fermi level in the metal. Furthermore,
current transport equations in the metal are given by lm ¼ �σ:∇fm,
where σ is the metal conductivity and fm is the Fermi potential in
the metal. As mentioned earlier, the metal/Ga2O3 epilayer interface
is initialized using the thermionic emission equations while the
probe contact on the metal has the Dirichlet boundary condition ini-
tialized. In order to simulate different contact metals, the respective
conductivity has been used as seen in Table I. Using the basic semi-
conductor device equations and the above specified metal conductiv-
ity equations, the band diagram can be generated as seen in Fig. 3.
The band diagrams will help us differentiate between the device
under moderate forward bias and strong forward bias, while also
highlighting the difference in the thermionic emission current under
the probes and at the periphery of the device.

III. RESULTS AND DISCUSSION

A. Experimental

We found that devices up to 1.15 cm2 still retained reverse
breakdown voltages >240 V, while larger devices typically had

FIG. 4. I-Vs measured on 1.15 cm2 rectifiers with circular Al rod probe of differ-
ent diameters.

FIG. 5. (a) Microscope image of 6 × 8 arrays of probe tips, covering an area of
48 mm2. (b) Short circuit measurement for correcting the parasitic resistance of
the probe [probe resistance (0.0669Ω)]. (c) Single sweep forward current mea-
surement on 1.15 cm2 rectifier before and after correction for probe resistance.
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breakdown voltages <200 V. This is likely due to the higher prob-
ability of including the void defects mentioned earlier within the
active region of the rectifier as the area increases.54–56 Recent
studies have shown that screw and mixed dislocations with an

average density of ∼104 cm−2 and grain boundaries exist in these
substrates, even after chemical mechanical polishing of the epi-
layer.56 Examples of the single sweep forward and reverse I-V
characteristics of a 1.15 cm2 area rectifier are shown in Figs. 1(c)
and 1(d), respectively. These were measured with a single probe
in the form of an Al rod with diameter 3175 μm (0.3175 cm).
This device was from near the center of the original wafer, shown
as the 7545 × 15 245 μm device in Fig. 1(b). A drawback with

FIG. 6. Images of (a) multiple-tip probe with pad size 6 × 8 mm2. (b) Probe con-
nection through the plastic holder. (c) Forward I-V single sweep showing a
maximum current of ∼135 A.

FIG. 7. Current density-voltage (J-V) characteristic as a function of probe posi-
tion along the surface (5000 μm diameter rectifier), with probe diameter fixed at
40 μm.

FIG. 8. J-V characteristic as a function of probe diameter, with probe position
fixed at the center of the rectifier contact.
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using these single rods as measurement probes is the difficulty in
ensuring the full area of the rod contacts the device contact on
a microscopic level. Our results show that in the present
state-of-the-art Ga2O3 vertical rectifier structures, it is still a bal-
ancing act in terms of increasing device area while maintaining
acceptable electrical performance.38,39 It is imperative to reduce
the current density in the rectifiers below the threshold for
thermally driven degradation. Device failure is dependent on the
rectifier area and geometry and is generally observed when the
junction temperature exceeds ∼270–350 °C, corresponding to
current densities of 185–2000 A cm2. Previous reports have shown
that the inability to dissipate the heat in Ga2O3 produces mechan-
ical failure of the material along natural cleavage planes.54

We noticed that the maximum forward current we could
achieve did not scale with device area, suggesting that current

spreading is an issue in the larger devices. Figure 4 shows the single
sweep forward I-Vs in the low-voltage regime from the 1.15 cm2 rec-
tifier measured with different probe diameters (0.3175–0.635 cm)
and with two probes totaling 0.794 cm diameter placed about 0.5 cm
apart. It is clear that the measured current increases with probe
diameter, but two probes do not bring the expected linear increase
in current.

We then measured the devices with the probe array shown in
Fig. 5(a), with 48 probes within a 48 mm2 area. To obtain the total
probe resistance, Fig. 5(b) shows the setup for a short circuit
measurement to obtain the parasitic resistance of the probe arrays.
An Au-plated copper plate was employed as a short circuit and the
probe resistance extracted from the resultant I-V characteristics.
This was obtained as 0.0673Ω. Apparent forward currents from 28A

FIG. 9. Voltage drop across the metal/β-Ga2O3 interface for a 5000 μm diame-
ter rectifier (a) at 1.0, 1.5, and 1.95 V of forward bias for a probe size of
360 μm, and (b) for different probe sizes.

FIG. 10. Conduction band level and Fermi level at (shown in inset) (a) the
lateral cut line A–A0, and (b) the vertical cut lines B–B0 and C–C0 .
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for 1.15 cm2 to 14 A for 0.035 cm2 diodes for voltages <3 V were
obtained prior to probe resistance correction. However, Fig. 5(c)
shows the current sweep before and after correction of this resistance
for the 1.15 cm2 devices, with a significantly higher current when cor-
rected for the probe resistance.

Figures 6(a) and 6(b) show more detailed images of the probe
array, while Fig. 6(c) shows the maximum forward current of
∼135 A we obtained while staying below the threshold for device
failure. Since these are only single sweep results, more detailed
studies are needed of the duty cycle dependence and switching
characteristics of these large area devices. Many advances in
thermal management approaches in Ga2O3 devices have recently
been reported,57–62 and it is likely that cooling methods developed
for GaN can be used for Ga2O3.

B. Simulation

We investigated the geometrical effects of the measurement
probe setup in terms of the width of the probe, position of the
probe contact on the metal, single- versus multiprobe systems, and
different contact metals. We also analyzed the voltage drop mea-
sured across the metal-Ga2O3 interface to correlate the potential
drop to the on-state resistance of the device. Figure 7 shows the
current-voltage characteristics of the device with the probe placed
on the metal at different positions (seen the inset in Fig. 7) along
the diameter. As the probe is moved toward the center of the
device, the on-resistance of the device decreases (0.039–0.024Ω),
which can be attributed to the sheet resistance of the metal layer.
When the probe position is near the periphery, the resistance of
the metal layer is maximum as the voltage is dropped laterally over
the width, i.e., 5000 μm; however, when the probe is placed at the
center, the resistance is minimized as the voltage drops over half of
the width, i.e., 2500 μm. The size of the probe has been studied

next, and Fig. 8 shows the current-voltage characteristics of the
device with different probe sizes, as depicted in the inset of the
figure. The device on-resistance decreases from 0.0236Ω for a
probe wise of 40 μm to 0.0176Ω for a probe size of 4120 μm. The
wider the probe, the larger the equipotential area under the probe,
and hence lower the lateral voltage drop along the metal layer.
This can be seen in Fig. 9(a) where we plot the voltage drop across
the metal/Ga2O3 interface for different probe sizes. Figure 9(b)
gives the lateral voltage drop at different forward biases for a probe
size of 360 μm showing the increase in voltage drop as the biased is
increased, which also denotes a higher lateral current flux in the
metal layer.

FIG. 11. Current density-voltage curve traced for the device with a measure-
ment probe setup consisting of one, three, or five 40 μm wide probes with a
constant Sp (600 μm).

FIG. 12. (a) Forward current density-voltage curve traced for the device with a
measurement probe setup consisting of three probes spaced apart by 400, 600,
or 1200 μm. (b) Voltage drop across the metal/β-Ga2O3 interface as a function
of probe spacing, Sp.
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Figure 10 shows the conduction band and Fermi level at the
three cut lines, one laterally (A–A0) across the metal/Ga2O3 inter-
face as seen in Fig. 10(a) and two vertical cut lines at the center
(B–B0) and periphery of the device (C–C0) as seen in Fig. 10(b).
The figures represent a device with the probe size of 360 μm biased
to 1.95 V. The current flux can be visualized in these figures
through the slope of the conduction band. Figure 10(a) also shows
that ΔE (EC− EF) is larger toward the periphery of the device
resulting in a higher carrier concentration in the center of the
device (under the robe). Furthermore, the magnitude of the ther-
mionic emission can qualitatively be estimated to be larger at the
center of the device as opposed to the edge of the device. From
Fig. 10(b), we can see that the slope of the conduction band is
higher at the central cut line resulting in a higher vertical current
flux at the center than at the periphery of the device.

The measurement probe setup can be modified into a multip-
robe setup where multiple probes can form contacts with the
metal, which would help reduce the sheet resistance effects of the
thin metal layer. The number of probes and the spacing between
the probes have been analyzed to help design the most efficient
measurement multiprobe setups. Figure 11 shows the effect of
increasing the number of probes (Np) on the I-V characteristics
while the spacing (Sp) between consecutive probes is maintained as
600 μm. Figure 12(a) shows the I-V curves of the device simulated
with three 40 μm wide probes while Sp is increased from 400 to
1200 μm. We notice that using a larger Sp results in a higher
current density, which is represented in terms of potential drop
across the metal/Ga2O3 interface in Fig. 12(b). In order to show the
combined effect, the device is then simulated with Np = 2, 3, and 5,
while the distance between the two peripheral probes is kept cons-
tant at 2520 μm, as seen in the inset of Fig. 13. As the number of
probes in increased, the voltage drop between consecutive probes

reduces resulting in a slightly lower resistance. The on-resistance of
the device decreases by 4.3% when five probes are used over a dis-
tance of 2520 μm instead of two probes.

The device is also simulated with different Schottky contact
metals in order to analyze the I-V characteristics and the lateral
voltage drop. As the SBH is increased, the turn-on voltage increases
resulting in lower current density corresponding to the applied
voltage, which results in lower lateral voltage drops as seen in
Fig. 14(a). Figure 14(b) shows the lateral voltage drop for different
contact metal conductivities (Table I). Nickel has a lower conduc-
tivity and hence we see the highest lateral voltage drop for a Ni/
β-Ga2O3 diode; however, gold has been used as an extra layer to
lower the sheet resistance of the contact metal resulting in a lower
on-resistance of the device.

FIG. 13. Forward current density-voltage curve traced for the device with a
measurement probe setup consisting of two, three, or five 40 μm wide probes
with Wp constant at 2520 μm.

FIG. 14. Voltage drop across the metal/β-Ga2O3 interface for a 5000 μm diame-
ter rectifier with a probe size of 360 μm (a) as a function of the Schottky barrier
height and (b) as a function of the different contact metals.
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IV. SUMMARY AND CONCLUSIONS

A combined experimental and simulation study has been used
to understand the effect of probe dimensions and geometry on the
current-voltage characteristics of large area Ga2O3 rectifiers. The
resistance of the probe and the sheet resistance of the Schottky
contact means that the measured I-V characteristics must be cor-
rected to obtain the true current. Employing a large number of
probes with an area that is significantly relative to the rectifier
contact dimensions produces a current of ∼135 A on large area
(1.15 cm2) devices. Thermal management under switching condi-
tions for these large currents will be the next issue to address. An
additional factor that will help in realizing the true potential of
Ga2O3 for high power rectifiers is the use of higher Schottky
barrier height metals. It has recently been shown that larger barrier
heights will allow larger breakdown fields,19 while oxidized metal
contacts such as PtOx, RuOx, and IrOx have been demonstrated to
have barrier heights up to 2 eV.63
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