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Vertical heterojunction NiO/3 n-Ga,O/n™ Ga,0j5 rectifiers with 100 yum diameter fabricated on ~17-18 um thick drift layers with
carrier concentration 8.8 x 10" cm > and employing simple dual-layer PECVD SiNx/SiO, edge termination demonstrate
breakdown voltages (Vg) up to 13.5 kV, on-voltage (Von) of ~2.2 V and on-state resistance Roy of 11.1-12 m€.cm’. Without
edge termination, the maximum Vg was 7.9 kV. The average critical breakdown field in heterojunctions was ~7.4-9.4 MV. cm ™",
within the reported theoretical value range from 8-15 MV.cm™! for 3-Ga,O5. For large area (1 mm diameter) heterojunction
deives, the maximum Vg was 7.2 kV with optimized edge termination and 3.9 kV without edge termination. The associated
maximum power figure-of-merit, Ve*Ron is 15.2 GW-cm ™2 for small area devices and 0.65 GW.cm ™2 for large area devices. By
sharp contrast, small area Schottky rectifiers concurrently fabricated on the same drift layers had maximum Vg of 3.6 kV with edge
termination and 2.7 kV without edge termination, but lower Voyn of 0.71-0.75 V. The average critical breakdown field in these
devices was in the range 1.9-2.7MV. cm™', showing the importance of both the heterojunction and edge termination.
Transmission electron microscopy showed an absence of lattice damage between the PECVD and sputtered films within the device
and the underlying epitaxial Ga,O3. The key advances are thicker, lower doped drift layers and optimization of edge termination
design and deposition processes.

© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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There has been rapid progress in Ga,O3; power rectifiers since the
initial demonstration of a 1kV device in 2017." This has included
improved edge termination methods and the use of NiO as a p-type
layer to realize heterojunctions with much higher breakdown
voltages than conventional Schottky rectifiers.””'> For most power
switching applications, vertical devices are preferred. In contrast to
lateral geometries,l(”18 the breakdown voltage (Vg) of vertical
Schottky Barrier Diodes (SBDs) exhibits a proportional relationship
with the thickness of the drift layer, as ogposed to the lateral
separation between the anode and cathode."” > This relationship
results in an augmented power density or an increased blocking
voltage while minimizing the chip’s spatial footprint. Furthermore,
vertical devices demonstrate a more uniform heat distribution due to
enhanced current spreading characteristics. To fully harness the
potential of these devices, it is imperative to develop appropriate
edge termination designs suitable for integration into NiO/3-Ga,0;
devices.>*? Such designs aim to restrict the maximum electric field
magnitude surrounding the periphery of the rectifying contact.
Potential applications for these power devices include EV charging
systems, motor control and grid-scale power switching because of
the excellent dc power, switching and high temperature
performance.**>' Ga,O; may also be a potential candidate for
high power density switched mode RF amplifiers.

There have been numerous studies to identify the crystal defects
that contribute to reverse leakage current in Ga,0; rectifiers.’> %
The emergence of leakage current can be ascribed to the existence of
many types of such crystal defects in HVPE layers.”>™>’ These
include polycrystalline anomalies,”” stacking faults and probe-
induced surface defects,® line-shaped imperfections,’” and various
types of dislocations and other oriented crystal anomalies,®* all of
which function as conduits for reverse leakage currents in the thick
drift regions grown by halide vapor phase epitaxy on (001) 5-Ga,0;
substrates for Schottky barrier diodes (SBDs).%°

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: spear@mse.ufl.edu

While there have been many studies of the current transport
mechanisms, selection of different materials in the field plates and
the effect of field mitigation methods such as beveling, guard rings
or charge compensation on the field distribution, there are still some
obvious issues from the literature that, if optimized, would produce
higher breakdown voltages. The first is that the Ga,O;3 surface is
sensitive to ion-induced damage.’” This is exploited to lower the
Ohmic contact resistance,”™ but clearly, is detrimental to rectifying
contacts. Thus, ion-induced damage must be minimized during
deposition of the NiO p-layer in the heterojunction and similarly
with field plate structures, commonly deposited by plasma-enhanced
chemical vapor deposition. The second area of focus is realization of
thicker, lower-doped drift regions. Since recent results have shown
average electric fields near the theoretical maximum in
Ga,05,'232%5! then achievement of thicker layers while main-
taining low background carrier concentration is key.

In this paper, we show that the use of lightly doped 17-18 ym
drift layers, combined with low damage deposition of NiO and
optimized design and deposition of dual layer field plates can
produce breakdown voltages up to 13.5kV in NiO/Ga,0O3 hetero-
junction rectifiers of diameter 100 um and 7.2kV in 1 mm diameter
devices. This is in excess of the 1D breakdown limit of both SiC and
GaN of similar drift layer thickness and the simple device structure
does not need mesa etching or implantation steps.

Experimental

The starting structures were in the range 17.7-18.2 um thick,
lightly doped (8.8.x10'3 cm™?) drift layers grown by Halide Vapor
Phase Epitaxy (HVPE) on heavily doped n-type substrates (Sn-
doped, (001),10"° cm™) grown by Edge-Defined Film-Fed Growth.
Mapping of the epi thickness showed a variation from a minimum of
17.7 to a maximum of 18.2 um, with an average of 16.1 ym. The
doping was uniform across the whole wafer diameter. Full-area
backside Ohmic contacts were deposited by e-beam evaporation of
Ti/Au subsequently annealed at 550 °C for 3 min. Both Schottky
barrier diodes (SBD) and heterojunction diodes (HJD) were fabri-
cated on the same wafer, with the schematic structures shown in
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Figure 1. Schematic of (top) SBD and (bottom) HIJD device structures with
edge termination.

Fig. 1. Ni/Au deposited by e-beam evaporation was used as the
metal stack in both cases, with the HID also including a bilayer of
NiO deposited by low power sputtering. The respective doping
concentrations were 2.6 x 10'® cm™> for the top 10 nm thick layer
and 10"® cm™ for the 10 nm bottom layer. Field plates consisting of
bilayer SiNx/SiO, dielectric that extended 28 pm beyond the Ni/Au
were deposited by plasma enhanced chemical vapor deposition. In
Fig. 1, T5 and T10 are the distances in pum from the edge of the
dielectric layer and the contact metal. In the HID, the extension of
the NiO beyond the metal contact provides a guard ring for
additional edge termination. Details of the design and performance
of such bilayer structures were given previously.®® We have also
published a detailed study using TCAD of the electric field
distribution for different NiO parameters, including the doping,
thickness and extension beyond the anode.”® These parameters
determine where spatially the breakdown can occur, i.e. from the
edge of the bilayer NiO extension to directly at the periphery of the
top contact, consistent with experimental results.

To quantify the effect of edge termination, we also fabricated
SBDs and HIDs without any edge termination, on the same wafer.
These are shown in the schematics in Fig. 2. Typically, the
breakdown voltages of these devices were approximately half of
the values in the edge terminated structures.

Cross-sectional lamella for scanning transmission electron mi-
croscopy (STEM) were fabricated using a Ga ion-based FEI Helios
Nanolab 6001 Dual Beam focused ion beam (FIB)/scanning electron
microscopy (SEM) system. The subsequent STEM imaging was
performed using an aberration-corrected Themis Z STEM. A high-
angle annular dark-field (HAADF) detector was used to obtain Z-
contrast, atomic resolution image where heavier elements appear
brighter. Energy Dispersive Spectrometry (EDS) analysis in the

Ni/Au

Ti/Au

Ni/Au

Ti/Au

Figure 2. Schematic of (top) SBD and (bottom) HJD device structures
without the edge termination structures.
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Figure 3. 1/C? -V plots for ~16 um thick drift layers before and after the
PECVD steps to deposit the edge termination layers.

STEM allowed for elemental mapping of the individual layers
around the contact stack.

The carrier concentrations in the drift regions of the devices were
measured by 1 MHx capacitance-voltage (C-V) measurements and
plotting 1/C%-V plots. The current-voltage (I-V) characteristics were
measured under Fluorinert atmospheres at 25 °C using a Tektronix
371-B curve tracer in conjunction with a Glassman high voltage
power supply. An Agilent 4156 C parameter analyzer was utilized
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Figure 4. (a) Low-magnification HAADF-STEM image of the NiO film bevel edge. The Ga,O5 substrate, NiO film, and protective Pt straps deposited in the FIB
are all visible in this field-of-view. A pristine interface between the NiO and the Ga,O; substrate with no visible roughness is observed along the entire edge. (b)
High-magnification HAADF-STEM image from the red box in (a) showcasing the atomically abrupt interface marked by yellow arrows. (c) Magnified view of
the HAADF-STEM image in (b) from the orange box with corresponding atomic models of the atomic structures of [110] cubic NiO and [010] monoclinic
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Figure 5. Cross-section image of the individual layers around the contact
edge.

Table I. Summary of carrier concentrations and built-in potentials
obtained from C-V measurements.

Before PECVD After PECVD
Carrier conc.(cm™>) 8.8 x 10" 1.0 x 10'°
Built-in Potential 2.1 2.4

for low voltage forward and reverse current characteristics. The
establishment of the reverse breakdown voltage followed the
conventional definition, i.e. reverse current reaching 0.1 A cm 2 A
mega-Ohm resistor was utilized, and the voltage drop across the
resistor was subtracted. In addition, the contact was checked every
time before the breakdown test by having a forward sweep upto 5 V,
the reverse sweep up to —100V and confirming the I-V. The on-
resistance was obtained from the derivative of voltage with respect
to current (dV/dI) from the I-V characteristics. Corrections were
applied to account for the resistance contributed by external circuit
components, including cables, chuck, and probe, which collectively
amounted to 10 €2, which was obtained by measuring the I-V while
the cables, chuck and probe were connected together. The typical
diode resistances are ~100 Ohm at 5V, which is 10 times the
external resistance. The calculated on-resistance values assumed a
current spreading length is 10 pm, with a spreading angle of 45°.3%°!
The on-resistance (Ron) typically corresponds to the unipolar drift
resistance, which is generally smaller than the diffusion resistance.
The I-V characteristics exhibited a high degree of reproducibility
over areas measuring 1cm?® on the wafer, with absolute currents
having variations of <20% at a given voltage.

Results and Discussion

Figure 3 shows the 1/C> -V plots for 15 ym thick drift layers
before and after the PECVD steps to deposit the edge termination
layers. The carrier concentrations increase slightly from 8.8 x
10" em™ prior to the PECVD steps to deposit the dielectric bilayer
edge termination. These and the built-in potentials derived from the
forward I-V characteristics are summarized in Table I. The increase
in carrier density may be a result of incorporation of hydrogen
donors during the deposition step. H impurities are easily introduced
and have a strong impact on conductivity.”®”’

Figure 4a shows a low-magnification HAADF-STEM image of
the protective Pt/NiO/Ga,O3 stack before Ni/Au and SiO,/SiNx
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Figure 6. EDS elemental analysis of layers at the edge of the contact stack.
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Figure 7. Forward I-V characteristics from HJDs fabricated on ~16 um drift
layers. The devices designated Ref do not have edge termination, while the T
values are the widths of the edge termination beside the rectifying contact.

layers are deposited. The entire NiO bevel edge maintains a uniform
interface with the Ga,O; substrate. Figure 4b displays a high-
magnification HAADF-STEM image of the red box region in Fig. 4a
showing the atomically abrupt interface between the NiO film and
the 3-Ga,Oj3 substrate. The [110] orientation of the cubic NiO film is
preferentially aligned with the [010] orientation of monoclinic
(3-Ga,05 structure. Figure 4c is a further magnified view of the
region in the orange box in Fig. 3b with the corresponding atomic
models overlayed onto their respective atomic structures. We have
previously established the ion energy dependence of dry etch

100
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Figure 8. Hetero Junction Diode forward I-V characteristic from ~16 um
drift layer device on linear scale. Ref is without edge termination but after
dielectric layer deposition.

damage depth in Ga,O3 Schottky rectifiers, in which it is postulated
that Ga vacancies created by ion damage compensate the n-type
doping in the drift regions and lead to generation-recombination
current. Similar comments apply to the PECVD conditions for
deposition of the dielectric field plates. We chose low power
conditions that had minimal effect on the carrier density in the drift
regions, as determined by separate C-V measurements on test
structures. There was a slight increase in carrier density after the
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Figure 9. (top) Reverse I-V characteristics from 100 ym diameter HIDs and
SBDs fabricated on ~16 um drift layers. This shows the highest Vg
recorded, both with and without edge termination. (bottom) Reverse I-V
characteristics from large diameter (1 mm) HJDs with and without edge
termination.

PECVD steps for the dielectrics. As mentioned previously, both
theory of isolated H properties, as well as experimental evidence
show that interstitial hydrogen, Hi, is expected to be a shallow
donor, Hit.7%"!

Figure 5 shows a cross-section image of the area around the
contact edge. Note that the first thinner Ni layer on top of NiO film is
darker in contrast compared to the upper Ni metal layer. We see
from EDS that this region of Ni is oxidized during the processing
sequence. For the Ni/Au and SiO,/SiNx layers are each ~100 nm in
height. The quality of films outside of the bevel edge is very good.
Figure 6 shows the EDS elemental analysis of the layers at the edge
of the contact region. The uppermost Au and Ni layers have some
oxidation, and the morphology of those surfaces is rougher than the
films closest to the device interface.

Figure 7 shows the forward current density-voltage character-
istics from the HID devices with different spacings. The reference is
the device without the field plates. The Royn values are in the range
11.1-12 mQ.cm?. As expected, these were higher than SBDs on the
same wafer, which had values in the range 8.5-9.4 mQ.cm?® and on-
voltage of 0.71-0.75 V. The HIDs had Voy values of 2.3-2.4 V, as
shown in the linear plots of Fig. 8. The leakage current of TS5
Schottky diode is lower than that of the reference Schottky diode,
but the breakdown voltage of Ref SBD is higher. Generally, the
increased leakage current of the devices with the edge termination is
due to the increased carrier concentration after PECVD. Meanwhile,
the edge termination significantly limited the leakage current when
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Figure 10. Schottky Barrier Diode forward I-Vs on log (a) or linear (b)
scales.

the distance from the edge of the dielectric layer and the contact
metal is 10 ym rather than 5 pum, especially in the high-voltage
region.

The Vg values for the HID were up to 13.5kV, as shown in
Fig. 9 (top) for optimized edge termination spacing. The untermi-
nated rectifiers have breakdown voltages in the 6-7.9 kV range. The
spread in values originates from spatial variations in drift layer
doping and so-called killer defect density, the latter of which are
known to add reverse leakage current and restrict the maximum
Vg.>? The range of breakdown voltages measured over lem® was
from 6.5 —13.5 kV, showing how sensitive this parameter is to the
defect density within the active region.’*® Note that the associated
SBDs fabricated in the same areas as the HIDs show Vg values up to
3.6 kV with edge termination and 2.7 kV without edge termination.
For large area HID devices with 1 mm diameter, Fig. 9 (bottom)
shows the maximum Vg were 7.2kV with edge termination and
39kV without. The larger are devices have more chance of
incorporating crystal defects within the active region and typically
will show lower breakdown voltages than small area devices.

To contrast the HID results from those of the SBDs, Fig. 10
shows the forward I-Vs from the latter on both log and linear scales.
The on-resistance and turn-on voltages are lower than for the HIDs,
as expected. Figure 11 shows the low bias I-V characteristics at top
and the high voltage characteristics at bottom for different config-
urations. Note the much lower Vg values for the Schottky rectifiers
(between ~1-3 kV) compared to those from the HJDs.

We measured from 9-15 devices for each condition, over an area
of ~1 cm? in each case. Table I summarizes the values obtained for
the different spacings on both the HID and SBD. Note the huge
increase for the HID compared to the SBD, which had Vg of 2.7 kV
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Figure 11. Schottky Barrier Diode low bias (a) and high bias (b) reverse I-
Vs.

for unterminated devices and 3.6 kV for optimized edge termination.
For punch-through conditions as is the case in our devices, the Vy is
given by’>”?

where Wpr is the depletion depth at punch-through, Ny, is the doping
and ¢ the dielectric permittivity. The term (62@) Wpr can be
€

neglected as its value is ~1072>. The average electric field strength
in unterminated HIJD is ~44MV.cm ! and increases to
7.5MV.cm™' in the edge terminated structures. The power figures
of merit Vg/Ron were 15.2GW cm 2 for optimized HJD of
100 pm diameter with edge termination and 5.6 GWcm > for
unterminated devices. Based on our TCAD simulation, breakdown
occurs in the Ga,03. The maximum electric fields are ~8, 6 and
4 MV in Gay0;, NiO and SiNx, respectively. The NiO layers
significantly spread the electric field crowding in our design. The
dimensions of the field plate are important, with the T10 design
being much more effective than the T5. For the large diameter
(1 mm) devices, the maximum power FOM was 0.65 GW cm ™2 for
edge termination structures.

To place the work in context, Fig. 12 shows a compilation of the
reported values of Vg and Rgy in the literature for small area devices
(diameters of 50-150 pm), along with the theoretical values for SiC,
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Figure 12. Compilation plot of Ron vs Vg from the reported literature for
small diameter (50-150 yum) Ga,O; HJDs and SBDs.
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Figure 13. Plot of Vg versus year for small diameter (50-150 pm) Ga,0O3
SBDs and HIDs.
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Table II. Maximum Vg for 15 um SBD and HJD with diameter
100 pm. Ref is without edge termination.

Voltage (kV) Ref T=5pum T =10 pm
SBD 2.7 3.4 3.6
HID 7.9 8.4 135

GaN and (-Ga,0j3. This type of commonly shown representation of
the advancement of power device technology has a typical trend of
device performance being well short of the theoretical maximum in
the early stages of development, but improving with time as growth,
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Figure 15. Plot of Vg versus year for large diameter (=1 mm) Ga,O3; SBDs
and HIDs.

device design and fabrication are all optimized. There are now
numerous demonstrations of 3-Ga,0Oj; rectifiers having performance
beyond the 1D limit of GaN and SiC. Our devices are close to the
expected maximum for 8-Ga,O, although these plots are subject to
uncertainty due to the actual breakdown field still being uncertain in
Gay0;5. The progress in small diameter Ga,Oj rectifiers is also
shown by Fig. 13, which shows the Vg values as a function of
publication date. The introduction of the NiO/Ga,03 heterojunction
has provided a major impetus to this progress.

Corresponding plots for large area (>1 mm diameter) rectifiers are
shown in Figs. 14 and 15. Note that the results are still significantly
below the theoretical limits of Ga,O3, reflecting the greater difficulty in
overcoming the presence of defects in the active regions of the devices.
The performance is still greater than that of GaN and SiC.

Summary and Conclusions

In summary, the advances in the growth of the HVPE drift layers
are partially responsible for the rapid increase in Vg values for
vertical Ga,Oj3 rectifiers reported over the past 5 years. For example,
devices fabricated on 10 um thick drift layers under the same
conditions as the devices reported in this paper showed maximum
breakdown of 8.9 kV, which also corresponds to a breakdown field
in the range of 7.9 MV.cm™'. The ability to go to thicker layers
brings the substantial increase in Vg to 13.5 kV. The NiO deposition
conditions are crucial to achieving high breakdown voltage in the
devices, as well as the design of the edge termination. We
established an epitaxial relationship between NiO film and
(3-Ga,03 substrate with the [110] zone axis of cubic NiO matches
well with [010] zone axis of monoclinic $-Ga,0O5 and (001) plane
growth surface of -Ga,O3 roughly matches with (—110) surface of
NiO. Optimzed design ensures the breakdown occurs in the Ga,0;
and not in the NiO or dielectric field plates. It is also worth noting
that the exact breakdown voltage for Ga,05 is not firmly established,
with some quoting values up to 15MV.cm™".">7 If true, those
would suggest that 15kV devices might be possible with minor
improvements to the existing growth and processing capabilities for
Ga,05. Of course, there is still much to be developed in terms of
thermal management of such devices.”®
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