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A key goal for Ga2O3 rectifiers is to achieve high forward currents and high reverse
breakdown voltages. Field-plated β-Ga2O3 Schottky rectifiers with area 0.01 cm2,
fabricated on 10 µm thick, lightly-doped drift regions (1.33 x 1016 cm-3) on heavily-
doped (3.6 x 1018 cm-3) substrates, exhibited forward current density of 100A.cm-2

at 2.1 V, with absolute current of 1 A at this voltage and a reverse breakdown volt-
age (VB) of 650V. The on-resistance (RON) was 1.58 x 10-2 Ω.cm2, producing a
figure of merit (VB

2/RON) of 26.5 MW.cm-2. The Schottky barrier height of the
Ni was 1.04 eV, with an ideality factor of 1.02. The on/off ratio was in the range
3.3 x 106 - 5.7 x 109 for reverse biases between 5 and 100V. The reverse recovery
time was ∼30 ns for switching from +2V to -5V. The results show the capabil-
ity of β-Ga2O3 rectifiers to achieve exceptional performance in both forward and
reverse bias conditions. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5034444

There is significant interest in power electronics based onβ-Ga2O3 because it has a larger potential
figure-of-merit than GaN and SiC for some of the applications needed for low frequency, high voltage
power switching.1–5 These applications generally require a high electric field breakdown strength,
low on-state resistance (Ron) and low charge storage times. The operation of power wide bandgap
semiconductor devices is constrained by this critical electric field for breakdown.6 Empirically, the
actual resistance is proportional to a power law of the breakdown voltage (VB

2.3-2.5) as a result of
a decrease in breakdown field strength in lightly doped drift layers that support the electric field.7

A higher value of Ron increases conduction loss and lowers switching speed. Recent reviews on
advances in device technologies have detailed the reasons for the interest in Ga2O3, revolving around
its large bandgap (∼4.8 eV), wide range of controlled n-type doping concentrations during bulk or
epitaxial growth and availability of high quality, large diameter substrates.1–5

Schottky diode rectifiers are key components for power conversion. Operation of Schottky recti-
fiers up to 2MHz allows more efficient design of switch-mode power converters via a decrease in the
size of the passive elements.8,9 The dimensions of the passive elements, specifically the transformers,
filters, capacitors and inductors, inversely scale with frequency of operation.7,9 Many recent exam-
ples of impressive performance from Schottky rectifiers fabricated on Ga2O3 have appeared.10–19 In
particular, since the rapid progress in epitaxial growth methods for Ga2O3, most rectifier designs now
employ a lightly doped drift layer grown on a conducting bulk wafer. The breakdown voltage can
be enhanced using edge termination methods that reduce field crowding at the edge of the Schottky
contact.14,16 Avalanche breakdown, which occurs under a high electric field, is typically observed
around the edge of the gate electrode during the operation of the rectifier. The peak electric field that
is concentrated on the edge of the gate electrode can be alleviated by the introduction of a field plate.
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In terms of rectifiers on bulk substrates, He et al.11 achieved a forward current density of 421 A/cm2

at 2 V, Ron of 2.9 mΩ· cm2, and reverse recovery time of 20 ns. Half-wave rectification of ac volt-
ages at different frequencies showed the rectifiers worked to 100 kHz. For rectifiers on epi Ga2O3,
Konishi et al.14 reported 1kV field-plated Schottky diodes with specific on-resistance of 5.1 mΩ.cm2

for anode diameters of 200-400 µm. The type of dielectric material, its thickness, ramp angle and the
extent of metal overlap onto the field plate all influence the effectiveness of the field reduction. Most
of the field plates employed have been simple SiO2 or SiNX. Bae et al.17 employed novel BN field
plates on quasi-two-dimensional β-Ga2O3 field effect transistors to improve the off-state breakdown
voltage. The key aspect in designing the field plate edge termination is to shift the region of the high
field region away from the periphery of the rectifying contact. Yang et al.12,13 reported breakdown
voltages of 1.6 kV in vertical devices without edge termination. Finally, Oh et al.18 reported charac-
teristics of rectifiers up to 225◦C, demonstrating their potential for effective, uncooled operation. For
power conversion applications, the 600V market is one now accessed by GaN and SiC, with superior
performance to Si devices.20 Thus, achievement of breakdown voltage of >600V in Ga2O3 rectifiers
with practical size and large absolute currents (not current density) is a milestone.

In all of the work to date, there has been a focus on either high reverse breakdown voltage or
low on-resistance, in other words, emphasizing either the reverse or forward bias performance. It is
obviously important to have good characteristics for both bias polarities. In this letter, we show that
edge terminated Schottky rectifiers on low-doped epitaxial layers of β-Ga2O3 on bulk conducting
substrates can achieve forward currents of 1 A at 2.1 V and reverse breakdown voltages of 650 V for
relatively large (0.01 cm2) devices.

The starting material consisted of epitaxial layers (10 µm final thickness) of lightly Si-doped n-
type (1.33 x 1016 cm-3) Ga2O3 grown by Hydride Vapor Phase Epitaxy (HVPE) on n+ (3.6 x 1018 cm-3),
β-phase Sn-doped Ga2O3 single crystal wafers (∼650 µm thick) with (001) surface orientation
(Tamura Corporation, Japan) grown by the edge-defined film-fed method. The epitaxial layers were
planarized by chemical mechanical planarization and the back surface of the substrate also polished
to remove sub-surface damage and enhance Ohmic contact formation.

Diodes were fabricated by depositing full area back Ohmic contacts of Ti/Au (20 nm/80 nm) by
E-beam evaporation, followed by rapid thermal annealing at 550◦C for 30 seconds under N2. The epi
surface was treated with ozone for 10 minutes to remove carbon contamination and then a 100 nm
thick SiNx layer was deposited by plasma enhanced chemical vapor deposition at 300◦C using silane
and ammonia precursors. These SiNx contact windows were patterned using lithography, and opened
with 1:10 buffered oxide etch (BOE) solution at room temperature. The front side Schottky con-
tacts were overlapped 10 µm on the SiNx window openings by lift-off of E-beam deposited Ni/Au
(40 nm/160 nm). The size of these contacts was 0.1 cm × 0.1 cm. Figure 1 shows a schematic of the
rectifier structure (top), while an optical microscope plan view of the rectifying contact surrounded
by the SiNx field plate is shown at the bottom of the figure. Capacitance-voltage (C-V) characteristics
were recorded in air at 25◦C on an Agilent 4145B parameter analyzer and 4284A Precision LCR
Meter. Current-voltage (I-V) characteristics were recorded in air at 25 ◦C using either an Agilent
4145B parameter analyzer or a Tektronix 370A curve tracer. The reverse breakdown voltage was
defined as the voltage at which the reverse current was 1mA.cm-2. This is a more useful definition
than where the current sharply increases, since the latter depends on conduction mechanism. The
1mA.cm-2 definition allows meaningful comparison between different devices.

Figure 2 shows the C-2 V characteristics used to confirm the drift layer n-type donor concentra-
tions (ND) from the slope of this plot. The value of 1.33 x 1016 cm-3 shows that the epitaxial layers
of β-Ga2O3 can be controllably doped at low enough levels to sustain a large reverse bias while
still having good forward characteristics. The single sweep forward current density characteristic is
shown in Figure 3, reaching a current density of 100 A.cm-2 at 2.1 V. The specific on-state resistance
of unipolar diode is a sum of the drift region resistance, the contact resistance and the substrate
resistance,9 ie.

Rdiode =Rdrift + Rsub + Rcontact

The specific on-state resistance of the drift region is given by

RON =

∫
dx

qµNB
=

WD

qµNB
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FIG. 1. Schematic of edge–terminated, vertical geometry Ni/Au Schottky rectifier structure (top) and top-view optical
microscope image of completed device showing Ni/Au contact on SiNx edge termination layer. The device area is
0.01 cm2.

where µ is the low-field mobility (µ∼300 cm2V-1s-1for Ga2O3),20,21 ND is the doping concentration in
the drift region and WD is the drift region thickness. We obtained an RON value of 1.58 x 10-2 Ω.cm2

from the data in the inset of Figure 3. We have found that the on-resistance is a strong function of
device size, ranging from 5.9x10-4- 0.26Ω.cm2 for areas in the corresponding range 1.6x10-5-0.2 cm2.
Note that the main plot is collected using the Tektronix tool, and the current limit is scaled with the
measurement range. For our measurements, we were measuring the current range of 1 amp, and the
Tektronix tool has a lower limit of 5 mA on this scale. The insert figure in that plot is collected by
the Agilent 4156, where we can measure current down to the pA range.

For these moderately doped layers, the dominant current transport process in Schottky contacts
will be thermionic emission. If the current flow is dominated by thermionic emission, then the ideality
factor n should be close to unity, with a small increase from unity due to the image force effect.14 For
extraction of the barrier height from these characteristics, we fitted the linear portions that obeyed
the ideal thermionic-emission behavior. We obtained an ideality factor of 1.02 and a barrier height
of 1.04 eV. The latter is consistent with literature values for Ni on Ga2O3.21–32 Konishi et al.14 have

FIG. 2. C-2-V characteristic, revealing a drift layer carrier concentration of 1.33 x1016 cm-3.
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FIG. 3. Forward current density-voltage characteristic of rectifier shown on log scale.

noted that prolonged exposure of the surface to fluorine-containing chemicals or gases (eg. HF) may
increase the effective barrier height through F- compensation of donors in the near-surface region.
We have recently confirmed that Fluorine is incorporated at high concentrations into Ga2O3 and is
present in at least two forms.33 These are a fairly immobile, high concentration form that is likely to be

FIG. 4. Forward (top) and reverse (bottom) I-V characteristics shown on linear scale.
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molecules and the other is atomic fluorine that can be ionized to compensate Si donors. The Schottky
barrier heights are higher than reference samples due to the chemical influence of the fluorine.

Figure 4 (top) shows the forward current (I-V) characteristics on a linear scale, while 4 (bottom)
shows the reverse current characteristic. The reverse breakdown voltage is 650 V, leading to a figure
of merit (VB

2/RON) of 26.5 MW.cm-2. This is well below the values of 102-154 MW.cm-2 reported for
rectifiers with much smaller contacts (∼100 µm diameter),12,13 but in those devices, the total forward
current was more than 3 orders of magnitude lower than achieved here. Similarly, the 650V breakdown
voltage is consistent with the needs of medium power industry applications,9 such as photovoltaics,
wind, and motor drives. Increasing energy efficiency in every aspect of power consumption, power
delivery, and power conversion is important in these applications.9

Figure 5 shows the on/off current ratio measured at a fixed forward bias of 3V and reverse biases
of -1 to -100V. The on/off ratio varied from 3.3 x 109 to 5.67 x 106 over this range and better than
our previous report,13 which is likely due to continued improvement in epitaxial material doping
control.

Figure 6 shows the reverse recovery characteristics when switching from +2V to -5V, with
a recovery time of order 30 ns. This is comparable to previous reports with much smaller rectifier

FIG. 5. Rectifier on-off ratio as a function of reverse bias. The on-current was 1 A at 3V and the on-off ration range measured
was 3.3x109- 5.7x106.

FIG. 6. Reverse recovery measurement when switching from +2 to -5 V.



055026-6 Yang et al. AIP Advances 8, 055026 (2018)

dimensions.12 These results show the potential of β-Ga2O3 for fast – switching power devices, capable
of high on-state currents and breakdown voltages.

In summary, the availability of thick, lightly doped drift regions enable realization of large
dimension (0.01 cm2) β-Ga2O3 Schottky rectifiers with simultaneous large forward current (1A),
VBR values of 650 V and power density figures of merit above 20 MW.cm-2. Since power converters
require the power device to switch at high frequencies for improved dynamic response capability and
reduced passive component size and weight, the performance of these Ga2O3 rectifiers is consistent
with these goals. The present results show that β-Ga2O3 Schottky rectifiers are promising practical
candidates for high power devices.
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