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Vertical Geometry, 2-A Forward Current Ga2O3
Schottky Rectifiers on Bulk Ga2O3 Substrates

Jiancheng Yang, Fan Ren, Fellow, IEEE, Steve J. Pearton , Fellow, IEEE, and Akito Kuramata

Abstract— Large area (up to 0.2 cm2) Ga2O3 rectifiers
without edge termination were fabricated on a Si-doped
n-Ga2O3 drift layer grown by halide vapor phase epitaxy
on a Sn-doped n+Ga2O3 (001) substrate. A forward current
of 2.2 A was achieved in single-sweep voltage mode,
a record for Ga2O3 rectifiers. The on-state resistance was
0.26 � · cm2 for these largest diodes, decreasing to
5.9 × 10-4� · cm2 for 40 × 40 μm2 devices. The temperature
dependence (25 °C–125 °C) of forward current density was
used to extract the barrier height of 1.08 eV for Ni and
a Richardson’s constant of 48 A · cm−2 · K-2. Ideality
factors were in the range 1.01–1.05, with the barrier height
decreasing with temperature. The reverse breakdown was
a strong function of diode area, decreasing from 466 V
(1.6 × 10−5 cm2) to 15 V for 0.2 cm2. This led to power figure-
of-merits (V2

B/RON) in the range 3.68 × 108–865 W · cm−2

over this area range. The reverse breakdown voltage scaled
approximately as the contact perimeter, indicating it was
dominated by the surface and decreased with temperature
with a negative temperature coefficient of 0.45 V · K−1. The
reverse recovery time when switching from +1 V to reverse
bias was 34 ns.

Index Terms— Forward current, gallium oxide, rectifiers,
Schottky diode.

I. INTRODUCTION

Ga2O3 is attracting significant interest for power elec-
tronics applications because of its large breakdown field

of ∼8 mV cm−1 [1]–[10]. This is well in excess of the
values for SiC and GaN, both of which are now established
with commercial availability of high power devices [11], [12]
and thus the hope is that Ga2O3 devices could extend this
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performance on the high voltage, low frequency end. A thor-
ough discussion of the relative power figure-of-merits has
been given recently for all these materials [8]–[10]. Wide
bandgap switches are attractive due to their increased toler-
ance to temperatures above the limits of silicon [11], [12].
Reduction of bulky, expensive cooling equipment should
be possible, leading to decreased system complexity and
cost [11], [12]. Other end-uses include electronic motor
controls, lighting, heating, and air-conditioning. A key compo-
nent of the inverter modules required for many of these
applications is the rectifier, one of two most common devices
for power conversion systems (rectifiers and field-effect tran-
sistors) and under development for Ga2O3 [13]–[30]. These
have benefited from the recent advances in epitaxial growth
technology for thick, low carrier concentration, homoepi-
taxial Ga2O3 drift layers. The wide bandgap of Ga2O3
allows it to sustain extremely high critical electric fields,
leading to large blocking voltages in these power recti-
fiers [3], [8], [10]. There are also recent advances in edge
termination methods that reduce sharp regions of high elec-
tric field and can enhance the reverse breakdown voltage
VBR[19], [20]. A number of small area Ga2O3 rectifiers
have demonstrated VBR values in excess of 1 kV with
near-ideal forward current–voltage (I–V ) characteristics and
reasonably low specific on-resistances, Ron [17]–[19]. Further
improvement in the efficiency, footprint, and functionality of
power systems will strongly rely on using new materials-
like Ga2O3with intrinsic advantages and in particular, vertical
structures offer advantages of small footprint, higher current
conduction, and speed [7], [8], [10].

To date, there has been little study of large area Ga2O3
Schottky diode rectifiers of the type needed to achieve
high absolute currents, not just current density. In this
paper, we report on the size and temperature dependence
(25 °C–125 °C) of electrical characteristics of vertical Ga2O3
diodes over a large range of areas (1.6 × 10−5–0.2 cm2).
Maximum forward currents in single-sweep mode of 2.2 A
are demonstrated. The reverse breakdown voltage is a strong
function of diode area, showing the influence of defect density.

II. EXPERIMENT

The starting samples were bulk β-phase Ga2O3 single
crystal wafers (∼650 μm thick) with (001) surface orientation
(Tamura Corporation, Sayama, Japan) grown by the edge-
defined film-fed growth method. Hall effect measurements
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Fig. 1. Schematic of the three different device across-sections
studied, with front side Ni/Au rectifying contacts and full area backside
Ti/Au Ohmic contacts.

showed the Sn-doped samples had carrier concentration of
3.6 × 1018 cm−3. Epitaxial layers (initially ∼15 μm thick) of
lightly Si-doped n-type Ga2O3 (∼2 × 1016 cm−3) were grown
on these substrates by Hydride Vapor Phase Epitaxy at Novel
Crystal Technology. After growth, the epi surface subjected to
chemical mechanical polishing to remove pits [17], [18]. The
final epi layer thickness was ∼7 μm. The X-ray diffraction
full-width at half maximum (FWHM) of the (402) peak
was ∼10 arc · s and the dislocation density from etch pit
observation was of the order of 103 cm−2 and the X-ray
diffraction FWHM was 137 arc · s. This correlates to a defect
density in-plane of ∼3 × 103 cm−2.

The device geometries are shown in Fig. 1. Diodes were
fabricated by depositing a full area back Ohmic contacts of
Ti/Au (20/80 nm) by E-beam evaporation. The samples were
treated in ozone for 15 min before Schottky metal deposition
to remove the hydrocarbons and oxidize the surface. Ohmic
behavior was achieved without the need for dry etching or ion
implantation. The front sides were patterned by lift-off of
E-beam deposited Schottky contacts Ni/Au (20/80 nm) on the
epitaxial layers [17], [18]. Four different contact dimensions
were employed, namely, 0.4 × 0.5 cm2, 0.2 × 0.3 cm2,
0.1 × 0.3 cm2, and 40 × 40 μm2. I–V characteristics were
recorded in air at 25 °C–125 °C on a hot stage using either
an Agilent 4145B parameter analyzer or a Tektronix 370-A
curve tracer for high currents.

III. RESULTS AND DISCUSSION

Both forward I–V and reverse I–V characteristics of
the devices were measured by Agilent analyzer 4156 and
Tektronix 370 A. For the reverse I–V voltage that is
larger than 100 V and forward I–V current that is larger
than 100 mA, the Tektronix 370 A instrument was used
due to the voltage and current limitation of the Agilent
analyzer 4156. Also, due to the measurement limitation on

Fig. 2. Forward I–V characteristics of packaged Ga2O3 diodes of
different rectifying contact dimension measured in Tektronix 370 A (main
plot) and Agilent analyzer 4156 (inserts). Data is plotted in log form in the
inset (top) and the current density characteristics from the same diodes
(bottom).

Tektronix 370 A, Agilent analyzer 4156 was used for the
measurements of current that is smaller than 100 mA. Fig. 2
shows the single sweep forward I–V s for the four different
geometry devices on both linear (top) and log (bottom) scales.
Previous small area Ga2O3 rectifiers have achieved impressive
reverse characteristics, but forward characteristics have always
been reported as current density. These devices represent a
large step toward the achievement of practical ON-state current
levels [31]. Both the 0.2 × 0.3 and 0.1 × 0.3 cm2 devices
could be pushed to above 2 A, with a maximum of 2.2 A for
the former. Since these were single sweeps, excessive self-
heating was not a significant issue and the devices showed
no degradation in performance. In sweep mode, the collector
supply sweeps from 0 V to its preselected value. During the
sweep, 1% duty cycle of a 280 μs pulsewidth was used.
There were around 200 data points collected for each sweep.
We were able to measure the devices under these types of
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Fig. 3. Temperature dependence of forward current for a 0.2 × 0.3 cm2

diode. Inset shows forward I–V of the low-voltage region.

condition over the hot stage temperatures from 25 °C–125 °C
and do extensive testing without any hysteresis or degradation,
showing the robustness of the Ga2O3 under these conditions.
We have noted previously that permanent degradation of the
Schottky contacts can occur for annealing temperatures above
450 °C [32]. The main plots are from the Tektronix 370 A and
the inserts are from the Agilent 4156. The maximum current
level for Agilent for 4156 allowed is 100 mA, and this can
measure currents in the pA range. The Tektronix 370 A has
the capability of measuring current in range. The current of the
biggest diode is smaller than the smaller ones. This is due to
the nonuniformity of Ga2O3 wafer, verified with CV measure-
ments. The larger diode has a concentration of 9 × 1015 cm−3

and the carrier concentration of 0.1 cm × 0.3 cm diode was
around to 2 × 1016 cm−3. Thus, the small diode delivered a
higher forward current.

Fig. 3 shows the temperature dependence of forward
I–V characteristics from 25 °C to 125 °C for the
0.2 × 0.3 cm2 diodes. The ideality factor (η) at each tempera-
ture was estimated by fitting the linear region of the J–V curve
to the thermionic emission (TE) model [13]–[16]. An effective
Schottky barrier height at zero bias (e�b0) can be calculated
from the relation e�b0 = eVbi0+(Ec−E f )− e��ifbl0. In this
relation, e is the electronic charge, �b is the barrier height,
EC is the conduction band minimum, Ef is the Fermi level,
and the e��i f bl0 term represents the image charge barrier
lowering at zero bias. Using the same procedure as [16], we
obtained near-ideal Schottky characteristics with η values of
1.02–1.18, depending on diode area. These are summarized
in Table I. The breakdown voltage was defined with the
reverse breakdown leakage current reaching 0.5 mA · cm−2.
Note that in Table I that normalized Ron is dependent on
the size due to the metal resistance of the Schottky metal;
400 m� for 100 nm Ni/Au. This was the main reason for the
lower Ron for 40 μm × 40 μm diode. The second reason was
nonuniformity of the carrier concentration across the wafer
ranging from 9 × 1015 to 2 × 1016 cm−3.

Forward current conduction in all of our diodes
was governed by TE as the dominant mechanism. The
qφb,0 was determined from the forward current density

TABLE I
SUMMARY OF DEVICE PARAMETERS FOR DIFFERENT CONTACT SIZES

Fig. 4. Richardson plot derived from the forward J-V-T data.

(J )–voltage–temperature (J–V –T ) characteristics by means
of linear fitting to Richardson’s plot shown in Fig. 4 to be
1.08 eV, with Richardson’s constant of 48 A · cm−2 · K−2.
These compare to values of 1.15 eV and 55 A · cm−2 · K−2

reported by Higashiwaki et al. [16] for Pt on Ga2O3 drift
layers of generally similar characteristics and are in line with
previous reports for Au, Ni, and Pt. From these observations,
Farzana et al. [33] inferred that Fermi-level pinning or the
presence of a dielectric layer at the interface in the ideal
case did not dominate the Schottky barrier behavior formed
with those three metals. Yao et al. [34] observed that I–V
and C–V determined SBH values on β-Ga2O3 with (201)
orientation showed very weak correlation with the metal
work functions [10], suggesting the presence of Fermi-level
pinning.

Fig. 5 shows the variation of barrier height and ideality
factor on temperature for the range 25 °C–125 °C for the
0.2 × 0.3 cm2 diodes. The barrier height decreases with
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Fig. 5. Temperature dependence of barrier height and ideality factor for
0.2 × 0.3 cm2 diode.

temperature, as expected since pure TE would lead to a
reduced barrier at elevated temperatures.

The reverse characteristics were taken from dc measure-
ments using the parameter analyzer. These I–V characteristics
are shown for room temperature measurements of the four
different device sizes in Fig. 6 in both linear (top) and
log (bottom) scales. The reverse breakdown voltage (defined
as the voltage at which the reverse current was 1 μA · cm−2.
This is a more usual definition than where the current sharply
increases, since the latter depends on conduction mechanism)
of the large area device was small (∼15 V) and increased
with reduced area to 466 V for the smallest diode active area.
This is consistent with the larger devices having an increased
probability of containing defects that initiate premature break-
down [35]–[41]. Most previously reported diode rectifiers have
had areas of less than 10−3 cm2 and this effect will not be
obvious in that situation [7], [17]–[19]. Oshima et al. [37]
found a spatial correlation between dicing-induced defects and
large reverse leakage currents in diodes fabricated in those
areas on (001) oriented substrates. Kasu et al. [36] reported
densities of etch pits above 104 cm−2 whose presence did
not directly correlate with increased reverse leakage current in
similar diodes on (001) oriented substrates. Dislocation defects
along the [010] direction were found to act as paths for leakage
current, while the Si doping did not affect this dislocation-
related leakage current. On other orientations, etch pit densities
are currently in the range 103–6 × 104 cm−2 for (201) oriented
β-Ga2O3 grown by edge-fed defined growth [35]. Both line-
shaped etched grooves along the [010] direction and small pits
were reported, with the small pits being due to edge disloca-
tions. Thus the orientation of the substrate used determines
the sensitivity to defect density. What is clear is the larger the
diode active area, the larger the probability of including defects
that degrade breakdown voltage. The breakdown voltage of the
devices is plotted in the inserts of Fig. 6 (bottom) as a function
of top contact area (left) or contact circumference (right).
There is a better correlation in the latter case, suggesting
that the surface is the dominating contributor to breakdown.
It must be remembered that the contact edges of the large

Fig. 6. Reverse current at room temperature as a function of diode
size in (top) linear or (bottom) log scales. Inserts are the reverse
breakdown voltage at room temperature as a function of either diode
area or circumference.

area devices are sharp, while the corners of the contacts for
the 40 × 40 μm2 devices are rounded, with less tendency to
break down at the edges, but the data are still a useful indicator
that edge termination techniques to reduce field crowding are
desirable.

The on-state resistance values ranged from 5.9 × 10−4

to 0.26 � · cm2 for areas in the corresponding range
1.6 × 10−5–0.2 cm2, which is comparable to that expected
from the relation

RON = WD

e
μND

where WD is the depletion layer thickness, e is the electronic
charge, μ is the electron mobility and ND is the background
n-type doping level of the Ga2O3 epitaxial layer. The values
are also comparable to those reported by Sasaki et al. [14]
(4.30–7.85 m� · cm−2) and Higashiwaki et al.[7], [16]
(2.4–3 m� · cm−2) for their particular size rectifiers. The
figure-of-merit V 2

B /RON varied from 865–3.68 × 108W cm−2

for the range of diode areas investigated, as listed in Table I.
The high end of this range of power densities is already
consistent with values for GaN and SiC and will increase as the
technology matures and both high forward currents and high
reverse breakdown voltages are achieved on the same devices.
Note that Ga2O3 rectifiers at a given voltage will have
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Fig. 7. Reverse I–V characteristics as a function of temperature for a
0.2 × 0.3 cm2 diode (top) and reverse currents and current densities at
a fixed bias of 20 V (bottom).

theoretical on-resistances more than an order of magnitude
lower than Si and a factor of 2 lower than SiC, while at a
given on-resistance, the theoretical breakdown has the same
degree of enhancement in both cases [6]–[11]. The breakdown
field is more than double the theoretical limits of SiC and
GaN the Baliga figure-of-merit commonly used to evaluate the
suitability of a material for power switching devices predicts
more than triple their power device performance [10].

As shown in Fig. 7 (top) the reverse breakdown voltage,
VB , was found to decrease with measurement temperature T ,
according to the linear reverse breakdown relationship as

VRB = VRB0 + β(T − T0)

where the temperature coefficient β was determined to
be −0.45 V/K for Ni in our devices [32]. For simple
Schottky diodes with even smaller area than the smallest used
here, Ahn et al. [32] reported temperature coefficient β of
−4 m · V/K for Ni/Au and −0.1 m · V/K for Pt/Au. It is
typical of newer power materials technologies that β tends to
get smaller as growth and process methods are optimized and
also that it will be a function of device area. Fig. 8 (bottom)
shows the reverse leakage current and current density as a
function of temperature for the 0.2 × 0.3 cm2 diode at a bias
of 20 V, emphasizing the strong activation with temperature.

Fig. 8. Reverse recovery characteristic of 0.2 × 0.3 cm2 diode upon
switching from 1-V forward current to −10-V reverse bias.

We also measured the reverse recovery characteristics when
switching from +1 V to a range of reverse biases and found
recovery times of order 20–30 ns for these rectifiers, as shown
in Fig. 8. We have reported previously in electron irradiated
rectifiers that the reverse recovery shows little change with
radiation dose [42], since the minority carrier lifetime (which
controls the carrier storage time in the intrinsic layer) is
already small in Ga2O3.

IV. SUMMARY AND CONCLUSION

Ga2O3 rectifiers with areas of 0.03 cm2 fabricated on low
carrier density epitaxial layers on bulk substrates produced
2.2 A of forward current at 2 V under single sweep conditions,
the largest on-state current ever reported for a Ga2O3 rectifier.
Future work should focus on implementing optimized edge
termination approaches, and continuing to lower the back-
ground doping level and defect density in the epitaxial Ga2O3,
which obviously includes optimizing the surface preparation of
the starting substrate. The existing material exhibits a negative
temperature coefficient for VB , but this is expected to be lower
in low defect substrates. For example, with an pit density
of 103, the 0.1 cm × 0.3 cm diode would have 30 pits. The
40 μm × 40 μm diode would have 0.16 pits (less than 1);
some of the smaller diodes may then not have any pits on them.
Therefore the breakdown voltage of 40 μm × 40 μm diode
is much higher than that of the larger diodes. This is usually
the result of defects that enhance multiplication, leading to
reduced breakdown and has been reported previously in the
early stage development of SiC and GaN power electronics.
The impact ionization coefficients (αp) for holes measured
near defects were found to be higher than those measured at
a non-defective regions [43]. Also, the values measured near
defects were was found to increase with increasing tempera-
ture in contrast with a defect free diode where αp decreased
with the increasing temperature, clearly indicating that the
defects produce the observed negative temperature coefficient
of breakdown voltage.

The viability of Ga2O3 rectifiers in most applications
depends on making very large area devices with high VB ,
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while retaining low VF and RON. The low thermal conductivity
of Ga2O3 means that packaging approaches must include
cooling by both topside and backside heat extraction [10].
This may need to go beyond heat sinks to wafer transfer
onto supporting substrates with higher thermal and elec-
trical conductivities. Commercial SiC MOSFET switches and
Schottky diodes are available up to 12 kV, 60 A at 20 kHz,
operational to 50 kHz at lower currents [12]. Even higher
voltages of 15 kV (at 5 kHz) with SiC IGBT switches and SiC
PiN diodes. SiC Schottky barrier diodes are commonly used in
power factor correction circuits and IGBT power modules. SiC
power devices are used in the U.S. Navy DDG 1000 Zumwalk
Class destroyer to supply 78 MW at 4160 V. GaN 1200 V parts
first appeared in 2012 and enable operation beyond 2 MHz,
which enables large step down ratios in buck converters and
decreases passive components sizes [12]. This paper has shown
the promise of Ga2O3 to operate at high current, in addition
to the previous demonstrations of high reverse voltage.
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