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The ultrawide bandgap semiconductor beta-phase gallium ox-
ide (B-Gaz03) has emerged as a promising material for next-
generation high-power electronics due to its wide bandgap of
~4.8 eV, high critical breakdown field of ~8 MV /cm, and an
exceptional Baliga’s figure of merit (BFOM) of 3444. Further-
more, the availability of low-cost, large-area, and high-quality
melt-grown single-crystal substrates makes [-GazO3 highly at-
tractive for scalable device fabrication.

Vertical field-effect
(MOSFET) architectures are well-suited for high-voltage applica-
tions, as they allow the breakdown voltage (BV) to scale with drift
layer thickness without increasing chip area, enabling higher power
density and better volumetric efficiency. Enhancement-mode (E-
mode) operation is particularly desirable for power switching
applications due to its inherent fail-safe characteristics and sim-
plified gate drive requirements. However, the absence of p-type
doping in 5-Ga203 has been a major obstacle to the development
of vertical E-mode MOSFETSs. Fin-channel 8-Ga2O3 MOSFETSs
have emerged as promising vertical power device structures that
enhance gate control through multi-facet channel modulation.
However, forming such fin geometries requires deep dry etching,
which may degrade the 8-Gags O3 surface and deteriorate the MOS
interface quality, thus limiting device performance and reliability.
Recent advances have shown that deep-level acceptor nitrogen
(N) ion implantation can induce a quasi-p-type current blocking
layer (CBL), offering a practical alternative to conventional p-type
doping and enabling vertical MOSFET architectures [1]. Various
CBL-based vertical 5-Ga20O3 MOSFETSs have been demonstrated,
including current aperture vertical electron transistors (CAVET),
vertical diffused barrier FETs (VDBFET), and U-shaped trench-
gate MOSFETs (UMOSFET).

Despite these advances, challenges such as excessive leakage
current and early breakdown still persist, indicating room for im-
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provement in CBL design and processing. In comparison, vertical
double-implanted MOSFETs (VDMOSFETSs) have been widely
adopted in SiC technologies due to their planar gate structures,
which mitigate electric field crowding and avoid the reliability
issues associated with trench-gate geometries [2]. Additionally,
their inversion-mode channels circumvent the trade-off between
threshold voltage (V) and output current density encountered in
CAVET-type devices.

For wide-bandgap semiconductors such as SiC and GaN, ion
implantation performed at elevated temperatures has shown re-
markable advantages over conventional room-temperature implan-
tation. The high-temperature process provides an in-situ dy-
namic annealing effect that effectively suppresses implantation-
induced lattice damage and enhances impurity activation effi-
ciency, thereby improving dopant electrical activity and preserving
crystal quality. Inspired by these findings, our previous work [3]
demonstrated that applying high-temperature N ion implanta-
tion to 8-Gaz O3 can similarly mitigate implantation damage and
achieve higher acceptor activation, leading to a significantly im-
proved CBL performance. Building upon this foundation, the
present work develops [-GazO3 VDMOSFETS incorporating a
high-temperature N-implanted CBL, demonstrating record-high
breakdown voltage and power figure of merit among CBL-based
B-Gag O3 devices.

Device fabrication. The VDMOSFET was fabricated using a
10-pm-thick 5-GagO3 epitaxial layer with a carrier concentration
of 1 x 10 cm~3, grown on a Sn-doped 3-Gaz0O3 (001) substrate
by halide vapor phase epitaxy (HVPE). Figures 1(a) and (b) show
the cross-sectional schematic and optical microscope image of the
fabricated device, respectively. The device has a gate-to-source
spacing (Lgs) of 5 pum, gate-to-n™ source overlap (Lgyn) of 5 pm,
channel length (L) of 5 um, JFET region width (Ljfes) of
20 pm, half-active region width (Lact) of 25 pum, and a source
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Figure 1 (Color online) (a) Cross-sectional schematic; (b) optical microscope image of the fabricated 3-Ga;O3z VDMOSFET; (c) transfer,

(d) output, and (e) off-state breakdown characteristics of the fabricated 8-GasO3 VDMOSFET; (f) benchmark of Ron, sp and BV for state-of-
the-art CBL-based vertical 3-GaaO3 MOSFETSs; (g) output and (h) off-state breakdown characteristics of the fabricated large-area 8-GazOs

VDMOSFET (inset).

width (W) of 100 pm. The fabrication process is detailed in Ap-
pendix A.

Results and discussion. Figure 1(c) shows the transfer charac-
teristics of the fabricated 8-GaxO3 VDMOSFET at Vpg = 10 V.
The current density and on-resistance are normalized to the half-
cell layout, where the effective area is defined as W X (Lact +
L), where Ly refers to transfer length. The device demonstrates
E-mode operation with a Vi, of 5.6 V, attributed to the strong
current-blocking capability of the high-temperature N-implanted
CBL, which effectively supports quasi-inversion channel formation
at high gate bias. The relatively high V;; improves noise immu-
nity and reduces the risk of unintended turn-on. The measured
on/off current ratio (Ion/Iof¢) is 4 x 10%. The relatively limited
Ion/Iof s is mainly due to vertical leakage through the CBL across
the unisolated sample, rather than the device itself. This is con-
firmed by the similar off-state leakage observed across devices of
different sizes, indicating that the leakage current originates from
the entire sample area in the absence of device isolation. The out-
put characteristics of the fabricated 8-GaxO3 VDMOSFET are
shown in Figure 1(d). The device exhibits a maximum drain cur-
rent (Ip) of 176 A/cm? at Vgg = 26 V and Vpg = 20 V, with an
extracted specific on-resistance (Ron,sp) of 62.5 mQ - cm?2.

Figure 1(e) shows the off-state breakdown characteristics of the
fabricated S-Ga203 VDMOSFET, which achieves a BV of 1422 V
at Vgs = 0 V. To the best of our knowledge, this is the highest
reported BV for CBL-based vertical 8-GaxO3 MOSFETs. No-
tably, this performance is achieved without any edge termination
structures, corresponding to a high average breakdown field of
1.42 MV /cm across the 10 pm drift layer. Figure 1(f) benchmarks
the performance of the fabricated device against other state-of-the-
art CBL-based vertical 8-GaaO3 MOSFETs (Appendix B). The
demonstrated power figure of merit (PFOM) of 32.4 MW /cm? sur-
passes the unipolar theoretical limit for Si devices and represents
the best reported performance for CBL-based vertical 5-GazOs
MOSFETS to date.

Figures 1(g) and (h) present the output and off-state breakdown
characteristics of a fabricated large-area -GaxO3 VDMOSFET
consisting of 100 unit cells within a 700 pm x 700 um footprint.
At Vgs =22V and Vpg = 10 V, the device delivers a maximum
Ip of 0.21 A, corresponding to a current density of 42.8 A /cm?.
Furthermore, a high BV of 1240 V is achieved, representing the
highest reported value for large-area 8-Ga2O3 MOSFETSs to date.
A B-GazO3 VDMOSFET employing a high-
temperature N-implanted CBL has been successfully demon-
strated. Compared to conventional room-temperature
plantation followed by high-temperature annealing, the high-
temperature implantation process yields significantly improved
current blocking capability. The fabricated device demonstrates
the highest BV and PFOM values among reported CBL-based
vertical -Ga20O3 MOSFETSs, highlighting the effectiveness of
high-temperature N-implantation in enabling high-performance -
Gag O3 vertical power devices.

Conclusion.

im-
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