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ABSTRACT

Vertical heterojunction NiO/f n-Ga,0/n™ Ga,Os rectifiers employing NiO layer extension beyond the rectifying contact for edge
termination exhibit breakdown voltages (V) up to 4.7 kV with a power figure-of-merits, Vg2 /Ron of 2 GW-cm ™2, where Roy is the on-state
resistance (11.3 mQ cm?). Conventional rectifiers fabricated on the same wafers without NiO showed Vy values of 840V and a power
figure-of-merit of 0.11 GW cm 2. Optimization of the design of the two-layer NiO doping and thickness and also the extension beyond the
rectifying contact by TCAD showed that the peak electric field at the edge of the rectifying contact could be significantly reduced. The leakage
current density before breakdown was 144 mA/cm?, the forward current density was 0.8 kA/cm? at 12V, and the turn-on voltage was in the
range of 2.2-2.4 V compared to 0.8 V without NiO. Transmission electron microscopy showed sharp interfaces between NiO and epitaxial

Ga,05 and a small amount of disorder from the sputtering process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097564

Recently, there is significant interest in the development of wide
and ultra-wide bandgap semiconductors for power electronics applica-
tions to overcome the high on-state resistances and limited power
capabilities of Si-based electronics.' '’ In Si-based power electronics,
nearly 10% of electricity in the U.S. is wasted on power conversion,
and reducing these losses can help reduce reliance on fossil fueled
power plants. The reduction of resistive losses and higher energy con-
version efficiency of commercialized SiC and GaN can improve both
the power density and efficiency of systems controlling power switch-
ing."” Further improvements in the power figure-of-merit (FOM)
should be possible with ultra-wide bandgap semiconductors such as
diamond, Ga,03, and AINS " In particular, there has been significant
progress in monoclinic f-Ga,Oj3, which shows both materials'”® and
economic'' benefits and is commercially available in a high quality
large area substrate form using well-established melt crystal growth
methods.”'’ Lateral $-Ga,O;-based devices with breakdown voltage
up to 8KV (Ref. 15) and critical breakdown fields exceeding the theo-
retical limits of SiC and GaN have been reported.'”** Vertical geome-
try devices are also attractive due to their larger current-carrying
capability, and breakdown voltages >2 kV have been reported for
p-Ga,O;  vertical rectifiers involving planar or trench
metal-oxide-semiconductor (MOS) approaches.””*”** A recent report

has demonstrated up to 6kV breakdown using a vertical structure
with a deep trench of SiO, to provide edge termination.”’

With conventional, planar vertical geometry Ga,O; rectifiers, the
maximum electric field occurs at the edge of the rectifying contact,
and thermionic field emission (TFE)-dominated leakage limits perfor-
mance.”” The electric field concentration at the edge of the gate elec-
trode is several times higher than under the center region of the
contact.”””” This has led to research on trench MOS approaches,
where the maximum field occurs at the trench bottom and the use of a
dielectric decreases the leakage current.********" A disadvantage is
additional process complexity and reduced forward current density.
Junction barrier Schottky (JBS) rectifiers have similar issues.”"”
Irrespective of the edge-termination structure, the total length of ter-
mination along the surface plays a role in increasing the breakdown
voltage.™ Typically for SiC power devices, it is difficult to ensure high
breakdown voltage and process robustness when the termination
region is shorter than 3-5 times the thickness of the voltage-blocking
layer.””

The lack of shallow p-type dopants for f-Ga,O; has created
interest in integration of n-type Ga,O; with p-type NiO for vertical
p-n heterojunction power diodes.””* ** These typically show smaller
leakage current than conventional planar rectifiers and also have larger
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turn-on voltages.”*** The minority carrier nature of these devices
should allow lower on-resistances and better on-state performance.
Sputtered NiO, is polycrystalline with a bandgap of ~3.7-4.0eV and
controllable p-type doping.”’ NiO/B-Ga,05 JBS diodes with area
100 x 100 um* have demonstrated a Vg of 1715V and a Roy of 3.45
mQ cm” for a Baliga’s figure of merit of 0.85 GW cm ™ > The highest
reported values are a static Vg of 2.41kV (Ref. 51) and a specific on-
resistance of 1.12 mQ cm?, producing a FOM of 5.18 GW cm?’! For
larger devices, a JBS diode with area 1 x 1 mm?2 showed a forward cur-
rent of 5 A and a breakdown voltage of 700 V (FOM 64 MW/cm?).”
For a 9-mm® heterojunction rectifier, a surge current of 45 A was
recorded in a 10-ms surge transient.”” Promising reliability was
reported with over 1 x 10° times dynamic breakdown at a 1.2-kV
peak overvoltage."”

In this paper, we show that, with guidance from Technology
Computer-Aided Design (TCAD) simulations in designing the NiO
layer doping and thickness and extension beyond the rectifying con-
tact, plus careful control of sputtering parameters, it is possible to
achieve 4.7kV Vy in vertical planar NiO/Ga,0j; rectifiers and a FOM
of 2GW cm 2. These devices are processed without the complications
of trench etching and subsequent dielectric deposition.

We first ran TCAD simulations from the Silvaco Atlas code to
examine the effect of various device structures with and without NiO
and then focused on differences between a single layer of NiO and a
bilayer. The latter was used to optimize the contact resistance and field
profiles. The NiO doping concentration (10">~1 x 10" cm™?), thick-
nesses (10, 20, 40, 60, and 80 nm), and single vs double layers at con-
stant thickness were variables in both simulations and subsequent
fabricated devices. The distance (1-15 um) of a NiO guard ring from
the rectifying contact was also simulated. According to our previous
experiments, the energy bandgap and the hole mobility of NiO were
set to be 3.8eV and 0.5 cm?/V s, respectively. Based on the simulation
results as guidance, we fabricated the structures I-IV that are shown
schematically in Fig. 1. By extending NiO beyond the edge of the metal
contact, simulations and subsequent experimental data showed that
this provided a type of guard ring effect in spreading the electric field
crowding at the edge of the diodes, and thus, structure I had superior
breakdown voltages to structure I. While the electric field distributions
of structures II and IIT were similar, experimentally, we found that a
large area of NiO due to full extension of the conducting NiO to the
edge of the device caused high leakage current. Structure IV did
not improve the electric field in the TCAD simulation or in the experi-
mental Vg. Figure S1 in the supplementary material shows more
details in a schematic of the one- and two-NiO layer approaches, the
metal and NiO thicknesses, and the O,/Ar sputtering ratios used to
control the p-doping level in NiO.

Based on guidance from the simulations, we then fabricated verti-
cal rectifiers on structures consisting of a thick, lightly doped epitaxial
layer on a conducting substrate. The drift region of the material con-
sisted of a 10 yum thick, lightly Si doped epitaxial layer grown by halide
vapor phase epitaxy (HVPE) with a carrier concentration of 2 x 10
cm™3, grown on a (001) surface orientation Sn-doped f-Ga,O; single
crystal (Novel Crystal Technology, Japan). A full area Ti/Au backside
Ohmic contact was formed by e-beam evaporation and was annealed
at 550 °C for 1 min under N, ambient.” NiO was deposited by mag-
netron sputtering at 3 mTorr and 150 W of 13.56 MHz power using
two separate targets operated at the same time to double the
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FIG. 1. Different structures simulated in the TCAD program. These included the
extent of NiO extension beyond the rectifying contact, width, and separation of the
NiO guard ring from rectifying contact, thickness, and doping in NiO and one layer
vs two layers of NiO with different doping in each. Based on the TCAD, structures |,
II, and Il were then fabricated with different thicknesses of the NiO layers.

deposition rate to around 0.2A s, Calibration of the doping and
mobility was made from Hall measurements on a thick layer (60 nm)
of NiO deposited on quartz. The Ar/O, ratio was used to control the
doping in NiO in the range 2 x 10'®-3 x 10" cm™> with mobility
<1em® V' 's7! and we used both single and double layers with two
different doping concentrations, the first, lighter-doped layer on top of
Ga,O; to enhance breakdown while a subsequent more heavily
doped layer on top of that was used to minimize the contact resistance.
The Ni/Au contact metal (100 um diameter) was deposited onto the
NiO layer after annealing at 300 °C under O, ambient. Compared to
typical NiO thicknesses of 300-500 nm, we used ultra-thin layers.
Previous simulations reported in the literature show that while the
heterojunctions diodes will have higher turn-on voltage, they
should exhibit higher reverse breakdown than conventional Schottky
rectifiers.””

The top layer NiO thickness was held constant at 10 nm while
the bottom layer of NiO thickness varied from 10 to 80 nm. The best
simulation results (and subsequent experimental, results, as shown in
the supplementary material, Table S1) were obtained on structure II,
shown in Fig. 2, which has the limited extension of the NiO beyond
the rectifying contact to provide edge termination. To summarize the
link between the TCAD simulation results and the experimental struc-
tures, (i) we found that a single layer of NiO always produced higher
fields and lower simulated breakdown than a bi-layer when the latter
structure was optimized to have higher doping in the upper layer and
lower doping in the layer directly on top of the Ga,Oj;. Increasing the
doping concentration of the NiO layer in contact with the Ni/Au elec-
trode reduced the maximum electric field at the contact edge.
Similarly, reducing the doping concentration of the lower NiO layer in
contact with Ga,0O5 also reduced field crowding; (ii) the extension of
NiO beyond Ni/Au also increased the breakdown voltage, but there
was no improvement beyond an extension of 5 um (Fig. S1), similar to
the general trends reported for SiC rectifiers;” (jii) increasing the
thickness of the NiO was deleterious to breakdown beyond a total of
20 nm for the bi-layer, as the maximum field at the surface increased.
The TCAD results were then used to guide the experimental device
design.

A 20/80 nm Ni/Au Schottky contact was deposited with E-beam
after lithographic patterning followed by standard acetone liftoff.
Figure 2 also shows how NiO is able to reduce the field at the edge of
the rectifying contact, as predicted from the TCAD simulations. Those
simulations also showed that the electric field decreases with lower
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FIG. 2. (a) Schematic of the optimized NiO/Ga,05 heterojunction rectifier.(b) TCAD simulations showing the reduction in the electric field in Ga,05 at the edge of the contact

with NiO.

doping concentrations and with smaller thickness, and the electric
field in the NiO film increased while the electric field in Ga,O3
decreased. However, this is also a function of doping and guidance on
what to use experimentally was obtained from the simulations.

The current-voltage (I-V) characteristics were recorded with a
Tektronix 370-A curve tracer and a 371-B curve tracer, and Agilent
4156C was used for forward and reverse current measurements over
the temperature range of 300-600K on a temperature-controlled
stage. The forward direction was dominated by the thermionic emis-
sion (TE) current, while in the reverse direction, the thermionic field
emission (TFE) and tunneling currents played an important role at
high reverse bias.”””* The reverse breakdown voltage was defined as
the bias for a reverse current reaching 0.1 A cm?, which has been stan-
dard for previous studies.**”" Many devices (5-10) were measured for
each design and typically showed Vy values within a few percent of
each other within an area of 0.5 cm?. The breakdown values were over-
whelmingly repeatable, and only a few tests (around 5%) resulted in
destructive reverse breakdown. This is consistent with our previous
observations, “***° in that edge terminated devices are much more
robust than unterminated rectifiers.

For transmission electron microscopy (TEM) imaging, cross-
sectional TEM samples of the NiO/f-Ga,O; heterostructures were
prepared along the [100] zone axis (ff-Ga,0O;) using a FEI Helios
Dualbeam Nanolab 600 focused ion beam (FIB) system. High resolu-
tion TEM (HRTEM) imaging of the NiO/f-Ga,O; interface structure
was carried out using a 200kV Talos F200i (Thermo Scientific)
equipped with a Ceta 16 M camera. Typical images are shown in
Fig. 3. Figure 3(a) shows a HRTEM image of the full diode structure,
consisting of the top electrode (Au, Ni), p-type NiO, and n-type

f-Ga, 05 from top to bottom, recorded along the [100] projection with
respect to f-Ga,0;. Near-surface damage is present within the top
10 nm of the Si-doped f-Ga,O; layer, as evidenced by the image con-
trast change in Fig. 3(a). This is likely due to the energetic sputtering
process for the NiO overlayer. However, a high magnification
HRTEM image in Fig. 3(b) demonstrates that the NiO/f-Ga,O; inter-
face is atomically abrupt and the -Ga,O; near the heterointerface is
fairly pristine in the absence of extended defects (e.g., dislocations).
The reverse I-V characteristics from a selection of rectifiers are
shown in Fig. 4. These were measured in a Fluorinert atmosphere at
25°C. The experimental values of breakdown and on-resistance for
single layer and double layer NiO structures are shown in Table S1 of
the supplementary material. The double layer structures exhibited
much larger breakdown voltages than the dingle layer structures,
showing the benefit of optimizing the field profile. The maximum
value of ~4.7kV was obtained for a two-layer NiO structure with
respective thicknesses of 10/10nm and the respective doping of 2.6
% 10'/3.5 x 10'® cm™. Increasing the thickness of the NiO reduced
the Vi and was 2.5kV for 80 nm NiO. This is consistent with the
improved performance of other devices using thinner NiO.”' The
metal gate rectifier without NiO showed a Vy of ~840V for this
contact dimension of 100 #m. The maximum value of Vy for the het-
erojunction rectifier is about twice that of reported previously,”" and
the data suggest that even higher values could be obtained with further
optimization. For the other device designs, for structure I, the Vp
was <2kV in all cases, while for structure III, the leakage current was
large (>1 mA/cm? at —100 V). For structure IV, the Vi was similar to
that of the simple NiO layer extension and the added guard rings
made no improvement. The simplicity of the optimized device design
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10=nm

FIG. 3. (a) Low magnification HRTEM image of the NiO/$-Ga,03 heterostructure
with the top Au/Ni electrode. (b) High magnification HRTEM image of the interface
between NiO and $-Ga,0s, showing the sharp interface. Structural damage near
the surface of -Ga,O3, marked by the blue arrows in (a) and (b), is observed that
is evidenced by the image contrast change. This damage is likely induced by the
energetic deposition process of the NiO overlayer, while the -Ga,03 top layer is
pristine otherwise as shown in (b).

and straightforward processing without the need for trenches makes
this an attractive option.
The forward I-V characteristics are shown in Fig. 5 for the heter-
ojunction rectifiers with different NiO thicknesses. Compared to the
turn-on voltage of 0.8V for the conventional metal rectifier, those for
the heterojunctions are in the range 2.2-2.4 V but with similar current
densities at these higher forward biases. The leakage current density
before breakdown was 144 mA/cm?, and the forward current density
was 0.8 kA/cm? at 12 V. Table I shows a compilation of the Roy and
power figure-of-merit values for the conventional rectifier and for the
heterojunction rectifiers with different thicknesses of NiO. While the
Ron values for the latter are slightly higher than for the conventional
rectifier, optimization of the doping/thickness of NiO can minimize
this difference.”’ In our case, the lateral spread resistance of the NiO
layer for 20 nm thickness is ~10* Q, significantly larger than the device
on-resistance. This means there is insignificant lateral expansion of the
conductive area for this device design. The power figure-of-merit of
2GW cm™? is still well short of the theoretical maximum of ~34 GW
cm™? and shows there is still room to optimize the edge termination
and defect density in the drift layer. Figure 6 shows the on-state
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FIG. 4. Reverse |-V characteristics from conventional Ga,O5 and double NiO layer
NiO/Ga,05 heterojunction rectifiers in which the top, heavily doped NiO thickness
was constant at 10 nm while the lower, lighter doped NiO was varied from 10 to
80 nm. The arrows mark where breakdown occurs to guide the eye. This is slightly
different than the definition used to standardize Vg.

resistances and forward current densities for these same devices with
current densities >10 A cm ™ even at relatively low bias.

Figure 7 shows a compilation of R,,, vs Vy results reported in the
literature for a conventional Schottky barrier or JBS rectifiers and
NiO/Ga,O; heterojunction rectifiers, along with the theoretical lines
for different wide bandgap and ultra-wide bandgap semiconductors.
This work shows the potential of Ga,O5 to achieve values comparable
to the limits of GaN and SiC. The future work should continue to
focus on defect reduction in the Ga,Oj5 epilayers, low damage edge ter-
mination methods, transition to larger device areas, and the reliability
of devices under realistic operating conditions.

In summary, we present a double-layer NiO/-Ga,O5 p-n heter-
ojunction diode, which exhibits high performance breakdown voltage
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FIG. 5. Forward |-V characteristics from conventional Ga,03 and double layer NiO/
Ga,03 heterojunction rectifiers with different NiO thicknesses.
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TABLE I. Summary of conventional Ga,0 and heterojunction NiO/Ga,05 rectifiers. The thickness of the two NiO layers in nm is shown.

Parameter Ga,05 NiO (10/10) NiO (20/10) NiO (40/10) NiO (80/10)
Vs (V) 840 4767 3095 3840 2543
Ron (mQ cm?) 6.7 11.3 12.5 7.6 6.6
Vp*/Ron (GW cm™?) 0.11 2.01 0.77 1.95 0.98

10° Ohmic contact. Simultaneously, the low doping concentration of the
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FIG. 6. Log plot of forward current densities and Roy values from conventional
Gay03 and double layer NiO/Ga,05 heterojunction rectifiers with different NiO
thicknesses.
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FIG. 7. Compilation of Ron vs Vg of conventional and NiO/Ga,05 heterojunction
rectifiers reported in the literature.

and low on-resistance. Through design of the ultra-thin (20 nm)
double-layer NiO structure, the Vy is substantially improved to
4.7kV with an R, of 11.3 mQ cm” and a figure-of-merit (V,?/R,y,) of
2GW cm 2 The high Vj is attributed to the structure of both the
double-layer and the NiO extension to provide edge termination.
From the TCAD simulation, the peak of the electric field is located at
the edge of the diodes. Increasing the doping concentration of the NiO
layer contacting Ni/Au can reduce the electric field at the edge of the

NiO contact with -Ga,O; can move the electric field maximum from
the edge to the inside of devices. In addition, the extension guard ring
can also reduce the electric field crowding. This work provides a desir-
able design strategy for NiO/Ga,Oj3 structures, leading to the highest
breakdown voltage among all Ga,03-based p-n diodes.

See the supplementary material for details on device structures
and process parameters.

The work at UF was performed as part of Interaction of
Ionizing Radiation with Matter University Research Alliance
(IIRM-URA), sponsored by the Department of the Defense,
Defense Threat Reduction Agency under Award No. HDTRA1-20-
2-0002. The content of the information does not necessarily reflect
the position or the policy of the federal government, and no official
endorsement should be inferred. The work at UF was also
supported by NSF DMR through No. 1856662 (James Edgar).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Jian-Sian Li: Conceptualization (equal); Data curation (equal); Formal
analysis (equal); Writing - original draft (equal). Chao-Ching Chiang:
Conceptualization (equal); Data curation (equal); Writing — original
draft (equal). Xinyi xia: Data curation (equal); Formal analysis (equal);
Writing - original draft (equal). Timothy Yoo: Data curation (equal);
Formal analysis (equal); Writing — original draft (equal). Fan Ren:
Conceptualization (equal); Data curation (equal); Writing — original
draft (equal); Writing - review and editing (equal). Honggyu Kim:
Data curation (equal); Formal analysis (equal); Writing — original draft
(equal). Stephen J. Pearton: Conceptualization (equal); Data curation
(equal); Validation (equal); Writing — original draft (equal); Writing —
review and editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES

"H. Fu, K. Fu, S. Chowdhury, T. Palacios, and Y. Zhao, IEEE Trans. Electron
Devices 68, 3200 (2021).

2H. Fu, K. Fu, S. Chowdhury, T. Palacios, and Y. Zhao, IEEE Trans. Electron
Devices 68, 3212 (2021).

Appl. Phys. Lett. 121, 042105 (2022); doi: 10.1063/5.0097564
Published under an exclusive license by AIP Publishing

121, 042105-5


https://www.scitation.org/doi/suppl/10.1063/5.0097564
https://www.scitation.org/doi/suppl/10.1063/5.0097564
https://doi.org/10.1109/TED.2021.3083239
https://doi.org/10.1109/TED.2021.3083239
https://doi.org/10.1109/TED.2021.3083209
https://doi.org/10.1109/TED.2021.3083209
https://scitation.org/journal/apl

Applied Physics Letters

3]. Ballestin-Fuertes, J. Munoz-Cruzado-Alba, J. F. Sanz-Osorio, and E. Laporta-
Puyal, Electronics 10, 677 (2021).

4y, Zhang and T. Palacios, [EEE Trans. Electron Devices 67, 3960 (2020).

51. Y. Tsao, S. Chowdhury, M. A. Hollis, D. Jena, N. M. Johnson, K. A. Jones, R.
J. Kaplar, S. Rajan, C. G. Van de Walle, E. Bellotti, C. L. Chua, R. Collazo, M.
E. Coltrin, J. A. Cooper, K. R. Evans, S. Graham, T. A. Grotjohn, E. R. Heller,
M. Higashiwaki, M. S. Islam, P. W. Juodawlkis, M. A. Khan, A. D. Koehler, J.
H. Leach, U. K. Mishra, R. J. Nemanich, R. Pilawa-Podgurski, J. B. Shealy, Z.
Sitar, M. J. Tadjer, A. F. Witulski, M. Wraback, and J. A. Simmons, Adv.
Electron. Mater. 4, 1600501 (2018).

°y. Sun, X. Kang, Y. Zheng, J. Lu, X. Tian, K. Wei, H. Wu, W. Wang, X. Liu,
and G. Zhang, Electronics 8, 575 (2019).

7M. Meneghini, C. D. Santi, I. Abid, M. Buffolo, M. Cioni, R. Abdul Khadar, L.
Nela, N. Zagni, A. Chini, F. Medjdoub, G. Meneghesso, G. Verzellesi, E.
Zanoni, and E. Matioli, ]. Appl. Phys. 130, 181101 (2021).

8M. H. Wong and M. Higashiwaki, IEEE Trans. Electron Devices 67, 3925
(2020).

2A. 7. Green, J. Speck, G. Xing, P. Moens, F. Allerstam, K. Gumaelius, T. Neyer,
A. Arias-Purdue, V. Mehrotra, A. Kuramata, K. Sasaki, S. Watanabe, K. Koshi,
J. Blevins, O. Bierwagen, S. Krishnamoorthy, K. Leedy, A. R. Arehart, A. T.
Neal, S. Mou, S. A. Ringel, A. Kumar, A. Sharma, K. Ghosh, U. Singisetti, W.
Li, K. Chabak, K. Liddy, A. Islam, S. Rajan, S. Graham, S. Choi, Z. Cheng, and
M. Higashiwaki, APL Mater. 10, 029201 (2022).

195, J. Pearton, F. Ren, M. Tadjer, and J. Kim, J. Appl. Phys. 124, 220901
(2018).

1S, B. Reese and A. Zakutayev, Proc. SPIE 11281, 112810H (2020).

12¢, Wang, J. Zhang, S. Xu, C. Zhang, Q. Feng, Y. Zhang, J. Ning, S. Zhao, H.
Zhou, and Y. Hao, J. Phys. D 54, 243001 (2021).

135, Sharma, K. Zeng, S. Saha, and U. Singisetti, [EEE Electron Device Lett. 41(6),
836 (2020).

1"). Yang, F. Ren, M. Tadjer, S. J. Pearton, and A. Kuramata, AIP Adv. 8, 055026
(2018).

5S. Roy, A. Bhattacharyya, P. Ranga, H. Splawn, J. Leach, and §.
Krishnamoorthy, IEEE Electron Device Lett. 42, 1140 (2021).

'8X. Lu, X. Zhou, H. Jiang, K. W. Ng, Z. Chen, Y. Pei, K. M. Lau, and G. Wang,
IEEE Electron Device Lett. 41, 449 (2020).

'7B. Chatterjee, K. Zeng, C. D. Nordquist, U. Singisetti, and S. Choi, IEEE Trans.
Compon, Packag., Manuf. Technol. 9, 2352 (2019).

8K, D. Chabak, K. D. Leedy, A. J. Green, S. Mou, A. T. Neal, T. Asel, E. R.
Heller, N. S. Hendricks, K. Liddy, A. Crespo, N. C. Miller, M. T. Lindquist, N.
Moser, R. C. Fitch, Jr., D. E. Walker, Jr., D. L. Dorsey, and G. H. Jessen,
Semicond. Sci. Technol. 35, 013002 (2020).

197, Hu, K. Nomoto, W. Li, Z. Zhang, N. Tanen, Q. Tu Thieu, K. Sasaki, A.
Kuramata, T. Nakamura, D. Jena, and H. G. Xing, Appl. Phys. Lett. 113,
122103 (2018).

20W. Li, K. Nomoto, Z. Hu, D. Jena, and H. G. Xing, IEEE Electron Device Lett.
41,107 (2020).

2IR, Sharma, M. Xian, C. Fares, M. E. Law, M. Tadjer, K. D. Hobart, F. Ren, and
S.J. Pearton, J. Vac. Sci. Technol., A 39, 013406 (2021).

22W. Li, D. Saraswat, Y. Long, K. Nomoto, D. Jena, and H. G. Xing, Appl. Phys.
Lett. 116, 192101 (2020).

2%Y. Lv, Y. Wang, X. Fu, S. Dun, Z. Sun, H. Liu, X. Zhou, X. Song, K. Dang, S.
Liang, J. Zhang, H. Zhou, Z. Feng, S. Cai, and Y. Hao, IEEE Trans. Power
Electron. 36, 6179 (2021).

2"]. Yang, M. Xian, P. Carey, C. Fares, ]. Partain, F. Ren, M. Tadjer, E. Anber, D.
Foley, A. Lang, J. Hart, J. Nathaniel, M. L. Taheri, S. J. Pearton, and A.
Kuramata, Appl. Phys. Lett. 114, 232106 (2019).

257, Jian, S. Mohanty, and E. Ahmadi, Appl. Phys. Lett. 116, 152104 (2020).

28], Yang, F. Ren, Y.-T. Chen, Y.-T. Liao, C.-W. Chang, J. Lin, M. J. Tadjer, S. J.
Pearton, and A. Kuramata, IEEE . Electron Devices Soc. 7, 57 (2019).

27T, Harada and A. Tsukazaki, Appl. Phys. Lett. 116, 232104 (2020).

ARTICLE scitation.org/journal/apl

28C.-H. Lin, Y. Yuda, M. H. Wong, M. Sato, N. Takekawa, K. Konishi, T.
Watahiki, M. Yamamuka, H. Murakami, Y. Kumagai, and M. Higashiwaki,
IEEE Electron Device Lett. 40, 1487 (2019).

29W. Xiong, X. Zhou, G. Xu, Q. He, G. Jian, C. Chen, Y. Yu, W. Hao, X. Xiang,
X. Zhao, W. Mu, Z. Jia, X. Tao, and S. Long, IEEE Electron Device Lett. 42, 430
(2021).

305, J. Pearton, J. Yang, P. H. Cary, F. Ren, J. Kim, M. J. Tadjer, and M. A.
Mastro, Appl. Phys. Rev. 5,011301 (2018).

3IM. Xiao, B. Wang, J. Liu, R. Zhang, Z. Zhang, C. Ding, S. Lu, K. Sasaki, G.-Q.
Lu, C. Buttay, and Y. Zhang, IEEE Trans. Power Electron. 36, 8565 (2021).

324, Bhattacharyya, S. Sharma, F. Alema, S. Roy, C. Peterson, G. Seryogin, A.
Osinsky, U. Singisetti, and K. Sriram, Appl. Phys. Express 15, 061001 (2022)
(unpublished).

335, Nakagomi, K. Hiratsuka, Y. Kakuda, and Y. Kokubun, ECS J. Solid State Sci.
Technol. 6, Q3030 (2017).

34C. Wang, H. Gong, W. Lei, Y. Cai, Z. Hu, S. Xu, Z. Liu, Q. Feng, H. Zhou, J.
Ye, J. Zhang, R. Zhang, and Y. Hao, [EEE Electron Device Lett. 42, 485 (2021).

35, Xia, J.-S. Li, C.-C. Chiang, T. Jinsoo Yoo, F. Ren, H. Kim, and S. J. Pearton,
J. Phys. D: Appl. Phys. 55, 385105 (2022).

36Q. Yan, H. Gong, J. Zhang, J. Ye, H. Zhou, Z. Liu, S. Xu, C. Wang, Z. Hu, Q.
Feng, J. Ning, C. Zhang, P. Ma, R. Zhang, and Y. Hao, Appl. Phys. Lett. 118,
122102 (2021).

57H. H. Gong, X. H. Chen, Y. Xu, F.-F. Ren, S. L. Gu, and J. D. Ye, Appl. Phys.
Lett. 117, 022104 (2020).

38H. Gong, F. Zhou, W. Xu, X. Yu, Y. Xu, Y. Yang, F-f Ren, S. Gu, Y. Zheng, R.
Zhang, H. Lu, and J. Ye, IEEE Trans. Power Electron. 36, 12213 (2021).

391, H. Gong, X. X. Yu, Y. Xu, X. H. Chen, Y. Kuang, Y. J. Lv, Y. Yang, F.-F.
Ren, Z. H. Feng, S. L. Gu, Y. D. Zheng, R. Zhang, and J. D. Ye, Appl. Phys.
Lett. 118, 202102 (2021).

“CH. H. Gong, X. H. Chen, Y. Xu, Y. T. Chen, F. F. Ren, B. Liu, S. L. Gu, R.
Zhang, and J. D. Ye, IEEE Trans. Electron Devices 67, 3341 (2020).

“W. Hao, Q. He, K. Zhou, G. Xu, W. Xiong, X. Zhou, G. Jian, C. Chen, X. Zhao,
and S. Long, Appl. Phys. Lett. 118, 043501 (2021).

“2F, Zhou, H. Gong, W. Xu, X. Yu, Y. Xu, Y. Yang, F.-f. Ren, S. Gu, Y. Zheng, R.
Zhang, J. Ye, and H. Lu, IEEE Trans. Power Electron. 37, 1223 (2022).

“5T. Lin, X. Li, and J. Jang , “High performance p-type NiOx thin-film transistor
by Sn doping,” Appl. Phys. Lett. 108, 233503 (2016).

“4Q. Yan, H. Gong, H. Zhou, J. Zhang, J. Ye, Z. Liu, C. Wang, X. Zheng, R.
Zhang, and Y. Hao, Appl. Phys. Lett. 120, 092106 (2022).

“5K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi, IEEE
Electron Device Lett. 34, 493 (2013).

€], Zhang, S. Han, M. Cui, X. Xu, W. Li, H. Xu, C. Jin, M. Gu, L. Chen, and K.
H. L. Zhang, ACS Appl. Electron. Mater. 2, 456 (2020).

“TSee https://www.novelcrystal.co.jp/eng/2021/911/ for “Gallium oxide vertical
transistor with the world’s highest breakdown voltage, press release Novel
Crystal Technology” (2021).

I’SI. Yang, F. Ren, M. Tadjer, S. J. Pearton, and A. Kuramata, ECS J. Solid State
Sci. Technol. 7, Q92 (2018).

“9p. Dong, J. Zhang, Q. Yan, Z. Liu, P. Ma, H. Zhou, and Y. Hao, IEEE Electron.
Device Lett. 43(5), 765-768 (2022) (unpublished).

50]. A. Spencer, A. L. Mock, A. G. Jacobs, M. Schubert, Y. Zhang, and M. J.
Tadjer, Appl. Phys. Rev. 9, 011315 (2022).

5'Y. Wang, H. Gong, Y. Lv, X. Fu, S. Dun, T. Han, H. Liu, X. Zhou, S. Liang, J.
Ye, R. Zhang, A. Bu, S. Cai, and Z. Feng, IEEE Trans. Power Electron. 37, 3743
(2022).

52H. Zhou, S. Zeng, J. Zhang, Z. Liu, Q. Feng, S. Xu, J. Zhang, and Y. Hao,
Crystals 11, 1186 (2021).

53W. Li, D. Jena, and H. G. Xing, J. Appl. Phys. 131, 015702 (2022).

545, Mukhopadhyay, L. A. M. Lyle, H. Pal, K. K. Das, L. M. Porter, and B. Sarka,
J. Appl. Phys. 131, 025702 (2022).

Appl. Phys. Lett. 121, 042105 (2022); doi: 10.1063/5.0097564
Published under an exclusive license by AIP Publishing

121, 042105-6


https://doi.org/10.3390/electronics10060677
https://doi.org/10.1109/TED.2020.3002880
https://doi.org/10.1002/aelm.201600501
https://doi.org/10.1002/aelm.201600501
https://doi.org/10.3390/electronics8050575
https://doi.org/10.1063/5.0061354
https://doi.org/10.1109/TED.2020.3016609
https://doi.org/10.1063/5.0060327
https://doi.org/10.1063/1.5062841
https://doi.org/10.1117/12.2565975
https://doi.org/10.1088/1361-6463/abe158
https://doi.org/10.1109/LED.2020.2991146
https://doi.org/10.1063/1.5034444
https://doi.org/10.1109/LED.2021.3089945
https://doi.org/10.1109/LED.2020.2967418
https://doi.org/10.1109/TCPMT.2019.2923356
https://doi.org/10.1109/TCPMT.2019.2923356
https://doi.org/10.1088/1361-6641/ab55fe
https://doi.org/10.1063/1.5038105
https://doi.org/10.1109/LED.2019.2953559
https://doi.org/10.1116/6.0000815
https://doi.org/10.1063/5.0007715
https://doi.org/10.1063/5.0007715
https://doi.org/10.1109/TPEL.2020.3036442
https://doi.org/10.1109/TPEL.2020.3036442
https://doi.org/10.1063/1.5100256
https://doi.org/10.1063/5.0002520
https://doi.org/10.1109/JEDS.2018.2877495
https://doi.org/10.1063/5.0008137
https://doi.org/10.1109/LED.2019.2927790
https://doi.org/10.1109/LED.2021.3055349
https://doi.org/10.1063/1.5006941
https://doi.org/10.1109/TPEL.2021.3049966
https://doi.org/10.35848/1882-0786/ac6729
https://doi.org/10.1149/2.0061702jss
https://doi.org/10.1149/2.0061702jss
https://doi.org/10.1109/LED.2021.3062851
https://doi.org/10.1088/1361-6463/ac7e84
https://doi.org/10.1063/5.0044130
https://doi.org/10.1063/5.0010052
https://doi.org/10.1063/5.0010052
https://doi.org/10.1109/TPEL.2021.3082640
https://doi.org/10.1063/5.0050919
https://doi.org/10.1063/5.0050919
https://doi.org/10.1109/TED.2020.3001249
https://doi.org/10.1063/5.0038349
https://doi.org/10.1109/TPEL.2021.3108780
https://doi.org/10.1063/1.4953222
https://doi.org/10.1063/5.0082377
https://doi.org/10.1109/LED.2013.2244057
https://doi.org/10.1109/LED.2013.2244057
https://doi.org/10.1021/acsaelm.9b00704
https://www.novelcrystal.co.jp/eng/2021/911/
https://doi.org/10.1149/2.0241805jss
https://doi.org/10.1149/2.0241805jss
https://doi.org/10.1109/LED.2022.3160366
https://doi.org/10.1109/LED.2022.3160366
https://doi.org/10.1063/5.0078037
https://doi.org/10.1109/TPEL.2021.3123940
https://doi.org/10.3390/cryst11101186
https://doi.org/10.1063/5.0070668
https://doi.org/10.1063/5.0068211
https://scitation.org/journal/apl

	f1
	f2
	f3
	f4
	f5
	l
	c1
	c2
	t1
	f6
	f7
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54

