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Abstract— Vertical gallium nitride (GaN) power devices
are enabling next-generation power electronic devices and
systems with higher energy efficiency, higher power den-
sity, faster switching, and smaller form factor. In Part I
of this review, we have reviewed the basic design prin-
ciples and physics of building blocks of vertical GaN
power devices, i.e., Schottky barrier diodes and p-n diodes.
Key topics such as materials engineering, device engi-
neering, avalanche breakdown, and leakage mechanisms
are discussed. In Part II of this review, several more
advanced power rectifiers are discussed, including junc-
tion barrier Schottky (JBS) rectifiers, merged p-n/Schottky
(MPS) rectifiers, and trench metal–insulator–semiconductor
barrier Schottky (TMBS) rectifiers. Normally-OFF GaN
power transistors have been realized in various advanced
device structures, including current aperture vertical elec-
tron transistors (CAVETs), junction field-effect transistors
(JFETs), metal–oxide–semiconductor field-effect transis-
tors (MOSFETs), and fin field-effect transistors (FinFETs). A
detailed analysis on their performance metrics is provided,
with special emphasis on the impacts of key fabrication
processes such as etching, ion implantation, and surface
treatment. Lastly, exciting progress has been made on
selective area doping and regrowth, a critical process for the
fabrication of vertical GaN power devices. Various materials
characterization techniques and surface treatments have
proven to be beneficial in aiding this rapid development.
This timely and comprehensive review summarizes the
current progress, understanding, and challenges in vertical
GaN power devices, which can serve as not only a gateway
for those interested in the field but also a critical reference
for researchers in the wide bandgap semiconductor and
power electronics community.
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I. INTRODUCTION

W IDE bandgap (WBG) semiconductor gallium nitride
(GaN) has garnered considerable research inter-

ests for high-voltage, high-power, and high frequency
applications [1]–[15], due to its large bandgap (3.4 eV), high
critical electric field (3–4 MV/cm), high electron saturation
velocity, and high Baliga’s figure of merit. Fig. 1 shows
a comparison of the ON-resistance and breakdown voltage
for different semiconductors, including Si, GaAs, and the
WBG semiconductor family. To realize the full potential
of the GaN material in power electronics, the community
has been transitioning from the lateral device geometry to
a vertical one. The representative lateral device is the GaN
high electron mobility transistors (HEMTs) grown on foreign
substrates, which have reached a certain level of maturity and
commercialization in the middle and low voltage applications.
However, these lateral devices still suffer from surface-related
current dispersion, poor heat dissipation, high defect densities,
and inability to support avalanche breakdown [2], [3]. Due to
the availability of bulk GaN substrates, vertical GaN power
devices have been demonstrated with promising performance,
such as high currents, high voltages, low defect densities,
good thermal management, small chip area, and avalanche
breakdown [12]–[18]. A typical vertical GaN power device
is composed of a channel/contact layer, a drift layer, a buffer
layer, and edge termination.

This review consists of two parts, presenting a compre-
hensive discussion on the recent development and current
understanding and challenges of vertical GaN power devices.
Their key device concepts, operation principles, crucial mate-
rials processes, fabrication technologies will be examined in
detail. In Part I of this review, building blocks of vertical
GaN power devices were studied, including GaN Schottky
barrier diodes (SBDs) and p-n diodes. Materials engineering
methods, device engineering approaches, avalanche break-
down, and leakage mechanisms in vertical GaN power devices
were elucidated and analyzed. In Part II of this review, we
discuss the development of more advanced vertical GaN power
rectifiers, including junction barrier Schottky (JBS) rectifiers,
merged p-n/Schottky (MPS) rectifiers, and trench metal–
insulator–semiconductor barrier Schottky (TMBS) rectifiers.
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Fig. 1. ON-resistance versus breakdown voltage for Si, GaAs, and the
WBG semiconductor family.

Several important normally-OFF vertical GaN power transis-
tors are also presented, including current aperture vertical
electron transistors (CAVETs), junction field-effect transistors
(JFETs), metal–oxide–semiconductor field-effect transistors
(MOSFETs), and fin field-effect transistors (FinFETs). We
also provide a detailed analysis on their device principles
and performance metrics, highlighting the impacts of etching,
ion implantation, and surface treatment. Lastly, we introduce
the selective area doping and regrowth process, which is one
of the most critical fabrication processes for vertical GaN
power devices. This review can offer a systematic under-
standing of the state-of-the-art vertical GaN power devices
and provide valuable insights for the future development
of next-generation efficient, lightweight, and resilient power
electronics.

II. ADVANCED VERTICAL GAN POWER RECTIFIERS

Several advanced vertical GaN power rectifiers were devel-
oped to overcome the limitations of basic GaN SBDs and p-n
diodes and to offer better device performance. The limita-
tions of basic SBDs include large reverse leakage and low
breakdown voltage, while the drawbacks of basic p-n diodes
are high forward voltage drop and large reverse recovery
current. Advanced vertical GaN rectifiers are expected to
address these shortcomings and offer a better balance in
performance tradeoffs between forward voltage drop, reverse
recovery current, leakage current, and breakdown voltage [19].
To date, advanced devices such as vertical GaN JBS rectifiers
[Fig. 2(a)], vertical GaN MPS rectifiers [Fig. 2(a) and (b)],
vertical trench metal–insulator–semiconductor (MIS), and
barrier Schottky (TMBS) rectifiers [Fig. 2(c)] have been
demonstrated.

The device schematic for vertical GaN JBS rectifiers is
shown in Fig. 2(a), which features an array of alternating
p-GaN and n-GaN regions at the top portion of the GaN
JBS rectifiers. In order to simplify the fabrication processes,
the same anode Schottky metals were usually used to form
contacts to both the p-GaN and n-GaN regions without any

Fig. 2. Device schematics of (a) vertical GaN JBS or MPS rectifiers
fabricated by ion implantation or regrowth, (b) trench vertical GaN
MPS rectifiers fabricated via etching and without ion implantation, and
(c) vertical GaN TMBS rectifiers.

annealing process. JBS rectifier is a unipolar device that has a
turn-on voltage similar to that of an SBD. This is because the
p-n junction is not turned on during forward bias. The distance
between the p-type regions must be properly designed to not
fully deplete the n-GaN region during forward bias to achieve
unipolar conduction [19]. Compared with the basic SBDs, JBS
rectifiers have reduced reverse leakage current and enhanced
breakdown voltage. This is because the Schottky contact in
the JBS devices is shielded from the high electric field due
to the potential barrier created by the p-n junction around the
Schottky contact. And a smaller electric field at the Schottky
contact will result in a smaller Schottky barrier lowering and
a weaker field emission effect, leading to low leakage current
and high breakdown voltage.

Vertical GaN JBS rectifiers were first demonstrated by
Zhang et al. [20] using ion implantation via two methods.
The first method was implanting Mg into n−-GaN or i-GaN
of i-n structure to form p-wells [Fig. 3(a)], and the other
one was implanting Si into p-GaN of the p-i-n structure to
form n-wells [Fig. 3(b)]. The cross-sectional scanning electron
microscopy (SEM) images confirmed the formation of p-wells
[Fig. 3(c)] and n-wells [Fig. 3(d)] in these devices. Both
Mg-implanted and Si-implanted JBS rectifiers had low turn-on
voltages (<1 V) that were similar to that of the SBDs. The
ON-resistance of the JBS rectifiers was higher than that of the
basic vertical GaN SBDs [Fig. 3(e) and (f)]. This was due to
the use of the n-GaN area for forward conduction and nonuni-
form current distributions, leading to larger channel resistance
and spreading resistance, respectively. The breakdown voltage
of the JBS rectifiers was larger than that of the SBDs, but
smaller than that of the p-n diodes [Fig. 3(g) and (h)]. In
addition, the device performance metrics of the JBS devices
could be further tuned by modifying the width of n- or p-wells.
Increasing n-well width and decreasing p-well width could
reduce ON-resistance, forward voltage, and breakdown voltage
of the JBS devices.

Vertical GaN MPS rectifiers have similar structures as the
vertical JBS rectifiers except that the ohmic contacts are
formed between the anode metals and the p-GaN regions in
the MPS devices. Compared with basic vertical p-n diodes,
MPS rectifiers show smaller forward voltage drop, smaller
reverse recovery current, and less power switching loss [19].
Compared with JBS devices, MPS rectifiers show better surge
current capability [21]. However, MPS rectifiers have larger
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Fig. 3. Schematics of (a) Mg-implanted GaN JBS rectifiers and
(b) Si-implanted GaN JBS rectifiers. SEM images of the cross section
of (c) Mg-implanted and (d) Si-implanted GaN JBS rectifiers. Forward
I−V characteristics and ON-resistance of (e) Mg-implanted JBS rectifiers
and conventional SBDs and (f) Si-implanted JBS rectifiers and SBDs.
Reverse I − V characteristics of JBS rectifiers, conventional SBDs,
and implanted SBDs in (g) Mg-implanted samples and (h) Si-implanted
samples. Reprinted from [20] with permission, [2017] IEEE.

reverse recovery current than JBS devices due to minority
carrier injection through the ohmic contacts, which leads to
slower frequency responses in the devices.

Hayashida et al. [21] reported a vertical trench GaN MPS
rectifier using etching processes instead of ion implantation.
The fabrication process involved selectively etching away
part of the p-GaN from the basic vertical p-n diodes to
expose the underlying n-GaN [Fig. 4(a)], where the anode
metal contacts were deposited. The device had a patterned
surface with concentric patterns, although a planar device
is more preferred for power electronics. Under forward bias
[Fig. 4(b)], the Schottky junction was first turned on at low
voltages, and then the p-n junction was turned on at high
voltages. With increasing p-GaN region width [Fig. 4(b)], the
ON-current of the device increased due to stronger minority
carrier injection. When the p-GaN region width was increased,
the breakdown voltage of the device also increased, while the
reverse leakage current of the device decreased. The vertical
GaN MPS rectifiers with a drift layer thickness of 18 μm
showed a breakdown voltage of 2 kV and an ON-resistance
of 1.7 m�·cm2. Furthermore, Li et al. [22] also proposed
a similar vertical GaN MPS rectifier with circular trenches
for Schottky contacts [Fig. 4(c)]. The device showed much-
reduced leakage current, which was ascribed to the reduced
surface field (RESURF) effect. This is because the p-GaN at
the edge of the trenches extended its depletion region under
the Schottky contacts, reducing the electric field under the
Schottky contacts [Fig. 4(d)].

Fig. 4. (a) Cross-sectional device structure of trench GaN MPS rectifiers
via partial p-GaN removal in a standard GaN p-i-n diode structure.
(b) Forward I − V characteristics of trench GaN MPS rectifiers with
different p-GaN region widths. (c) Top view and cross section of trench
MPS rectifiers with circular trenches for Schottky contacts. (d) Simulated
electric field distributions of conventional SBDs (left) and trench MPS
rectifiers (right) at −200 V. (a) and (b): Reprinted from [21] with permis-
sion. Copyright (2017) The Japan Society of Applied Physics. All rights
reserved. (c) and (d): Reprinted from [22] with permission, [2017] IEEE.

Vertical GaN TMBS rectifiers are another type of unipo-
lar vertical GaN power devices, which were first reported
by Zhang et al. [23], [24]. Similar to JBS devices, TMBS
rectifiers use MIS structures (usually in trenches that are
adjacent to Schottky contacts) to generate potential barriers via
their depletion regions to shield Schottky contracts from high
electric fields [19]. Compared with basic SBDs, TMBS rec-
tifies exhibited larger breakdown voltage and smaller reverse
leakage current. Zhang et al. [23] added additional field rings
[Fig. 5(a)] in the trenches to improve the breakdown voltage
and reverse leakage [Fig. 5(b)]. The geometries of the trench
structures are key design parameters for GaN TMBS rectifiers,
including mesa widths and trench shapes. Devices with smaller
mesa width (i.e., closer trenches) exhibited larger breakdown
voltage and smaller reverse leakage current. This is due to
stronger MIS depletion effects in the mesa as verified by
electric field distributions in the devices [23]. In terms of
trench shapes, it was found that varying dry etching conditions
combined with tetramethylammonium hydroxide (TMAH) wet
etching could result in different trench shapes [Fig. 5(c)]. A
comparison between the device’s performance of different ver-
tical GaN TMBS rectifiers with flat-bottom rounded trenches,
tapered-bottom rounded trenches, and nonrounded trenches
showed that GaN TMBS rectifiers with flat-bottom rounded
trenches showed the lowest leakage current and the highest
breakdown voltage. This is because this trench shape has the
most uniform distribution of electric field and the lowest peak
electric field, as shown in simulation results in Fig. 5(d)–
(f). With 7 μm drift layer, the vertical GaN TMBS rectifiers
showed a turn-on voltage of 0.8 V, an ON-resistance of 2
m�·cm2, and a breakdown voltage of ∼700 V.

Fig. 6 shows the benchmark plot for reported vertical GaN
JBS, MPS, and TMBS rectifiers on bulk GaN substrates [20].
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Fig. 5. (a) Schematic of vertical GaN TMBS rectifiers with implanted field
rings (FRs) in the trenches. (b) Leakage current and leakage current
density of TMBS rectifiers, TMBS rectifiers with FR, and conventional
SBDs. (c) Cross-sectional SEM images of trench shapes using different
dry etching conditions. (d)–(f) Simulated electric field distributions in
nonrounded trench, rounded flat-bottom trench, and rounded tapered-
bottom trench at −600 V, respectively. (a) and (b): Reprinted from
[23] with permission, [2017] IEEE. (c)–(f): Reprinted from [24] with the
permission of the American Institute of Physics (AIP) Publishing.

Fig. 6. ON-resistance versus breakdown voltage for reported advanced
vertical GaN power rectifiers and conventional SBDs. Reprinted from [20]
with permission, [2017] IEEE.

III. NORMALLY-OFF VERTICAL GAN POWER

TRANSISTORS

Various vertical GaN power transistors have been devel-
oped to realize normally-OFF devices due to their failure-
safe operation and simple driving circuits in power electronics
applications, including CAVETs (e.g., p-GaN-gated CAVETs
and trench CAVETs) [Fig. 7(a)–(c)], trench MOSFETs
[Fig. 7(d) and (e)], and FinFETs [Fig. 7(f)], and JFETs.

Vertical GaN CAVETs were developed based on
AlGaN/GaN heterostructures with the addition of buried
current blocking layers (CBLs) in the drift layer to form a
current aperture. Polarizations from this heterostructure create
a lateral two-dimensional electron gas (2DEG) channel in the
source access region. When the bottom drain is positively
biased, electrons from the source move laterally through
the 2DEG channel and then vertically through the aperture

Fig. 7. Schematics of three versions of vertical GaN CAVETs: (a) con-
ventional CAVETs; (b) p-GaN-gated CAVETs; and (c) trench CAVETs
with p-GaN gate. The device schematics of (d) vertical GaN trench
MOSFETs, (e) OG-FETs, and (f) FinFETs. S, D, G denote source, drain,
and gate, respectively.

formed by the CBLs [2], [25]. The first normally-OFF GaN
CAVET with a threshold voltage of 0.6 V was demonstrated
by Chowdhury et al. [26] on sapphire substrates using
Mg-implanted p-GaN as the CBLs. CF4 plasma treatment
was applied to the devices to help deplete the 2DEG channel
and achieve normally-OFF operation. Furthermore, due to
the Mg out-diffusion issue in the implanted p-GaN during
high-temperature metalorganic chemical vapor deposition
(MOCVD) regrowth, epitaxially grown p-GaN was used
as CBLs in GaN CAVETs. Nie et al. [27] demonstrated
p-GaN-gated GaN CAVETs [Fig. 7(b)] with in situ grown
p-GaN by MOCVD as the CBLs, where the p-GaN gate
was used to increase the threshold voltage. During device
operation, the buried p-GaN CBLs were connected to the
source to keep it at zero potential and avoid floating body
effects. The device showed a breakdown voltage of 1.5 kV, an
ON-resistance 2.2 m�·cm2, and a threshold voltage of 0.5 V.

However, these CAVET devices were fabricated on polar
c-plane planar channels with high electron concentrations
in the 2DEG channels, which led to low threshold volt-
ages (e.g., <1 V) in the devices. To circumvent this issue,
p-GaN-gated GaN trench CAVETs with a slanted semi-
polar plane channel [Fig. 8(a) and (b)] was developed by
Shibata et al. [28]. Fig. 8(c) shows a comparison of the band
diagrams of the devices with a slanted semipolar plane channel
and those with a polar (0001) c-plane channel. The Fermi
level in the slanted channel devices was moved up, which
means that there were few free electrons in the slanted channel.
Compared with the polar c-plane, the polarization-induced
charges on the semipolar planes are much reduced [29]–[32],
resulting in a lower concentration of 2DEG in the semipolar
channel. The 2DEG concentration in the slanted channel
decreased, and the threshold voltage increased with increasing
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Fig. 8. (a) Schematic and (b) cross-sectional SEM image of the
device of GaN CAVETs with MOCVD-regrown semipolar channels.
(c) Band diagrams of the CAVETs with a semipolar slanted channel
and a polar c-plane channel at zero gate bias. (d) Simulated 2DEG
concentration (NS) and threshold voltage as a function of channel plane
inclination angle θ from the c-plane. Reprinted from [28] with permission,
[2016] IEEE.

plane inclination angle θ away for the c-plane [Fig. 8(d)]. This
trend is caused by the decreasing polarization changes in GaN
planes with increasing plane inclination angle [29]–[32]. As a
result, a threshold voltage of over 2 V was realized in these
slanted channel devices compared with that of 1 V in those
without slanted channels. Furthermore, the carbon-doped GaN
layer above the p-GaN well was also effective in suppressing
punchthrough current and increasing breakdown voltage. With
a 13-μm drift layer, the vertical trench CAVETs had a break-
down voltage of 1.7 kV, and an ON-resistance of 1.0 m�·cm2,
and a threshold voltage of 2.5 V. Moreover, normally-OFF MIS
gate GaN trench CAVETs were also reported [33].

JFETs use p-n junctions as the gate to deplete the chan-
nel and realize normally-OFF operation [Fig. 9(a) and (b)]
without the need for gate dielectrics. However, compared to
the mature technology of Si and SiC JFETs, GaN JFETs
are still in their inception. The gate voltage of JFETs is
usually limited to the bandgap voltage of the semiconductor
to prevent the turn-on of the gate p-n junction. Due to GaN’s
large bandgap, GaN JFETs will have a larger gate voltage
window. Ji and Chowdhury [34] carried out a comprehensive
study on the design of lateral channel JFETs [Fig. 9(a)]
and vertical channel JFETs [Fig. 9(b)] using device TCAD
simulation. Kizilyalli and Aktas [35] experimentally demon-
strated normally-ON GaN lateral channel JFETs. Recently,
Yang et al. [36] reported normally-OFF GaN vertical channel
JFETs with MOCVD regrown p-GaN gate [Fig. 9(c)], where
the devices showed a threshold voltage of 1.5 V [Fig. 9(d)].
And the device performance could be impacted by the crystal
orientation of the channel. The devices also showed some
performance degradation caused by the nonideal effects in
the MOCVD regrowth, such as interfacial impurities and
nonuniform acceptor distribution in the regrown p-GaN gate.
In addition, Kotzea et al. [37] demonstrated a quasi-vertical

Fig. 9. Device schematics of (a) lateral channel GaN JFETs and
(b) vertical channel GaN JFETs. (c) Cross-sectional SEM image of the
fabricated vertical channel GaN JFETs. (d) Transfer characteristics and
gate leakage of the demonstrated vertical channel GaN JFETs. (c) and
(d): Reprinted from [36] with permission, [2020] IEEE.

Fig. 10. (a) Schematic cross section of the GaN trench MOSFETs.
(b) Transfer characteristics of the GaN trench MOSFETs. The inset
shows the top view of the fabricated GaN trench MOSFETs with a
hexagonal gate layout. (c) Cross-sectional SEM image of GaN OG-FETs
with double field plates. (d) Transfer characteristics and gate leakage of
the GaN OG-FETs. (a) and (b): Reprinted from [39] with permission.
Copyright (2015) The Japan Society of Applied Physics. All rights
reserved. (c) and (d): Reprinted from [42] with permission, [2017] IEEE.

GaN JFET on sapphire substrates. However, the devices were
normally-ON and had low ON–OFF ratio. Due to challenges in
MOCVD regrowth, GaN JFETs still suffer from large device
leakage and low breakdown voltage, where significant research
efforts are still required.

Vertical GaN trench MOSFETs have two back-to-back p-n
junctions from the source to the drain; therefore, no current
flows without gate bias, i.e., they are normally-OFF devices.
The buried p-GaN body in the devices is also shorted to the
source contact to prevent floating body effects. Otherwise, a
high drain bias can lead to a nonzero positive potential in the
p-GaN, leading to reduced threshold voltage and increased
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leakage current. Oka et al. [38], [39] demonstrated the first
GaN trench MOSFETs [Fig. 10(a)] with a high threshold
voltage (>5 V), a breakdown voltage of 1.6 kV, and an
ON-resistance of 12.1 m�·cm2. Furthermore, they used a
hexagonal trench gate layout [Fig. 10(b)] to increase the gate
width per unit area, which increased the drain current, reduced
the ON-resistance, and decreased the threshold voltage in the
devices. This design resulted in a GaN trench MOSFET with
a threshold voltage of 3.5 V, an ON-resistance of 1.8 m�·cm2,
and a breakdown voltage of 1.2 kV. It should be noted that the
interfacial charges between the gate dielectric and the trench
play a critical role in determining the threshold voltage of the
devices. These charges may come from nitrogen vacancies due
to the trench etching process and residual impurities such as
O and Si [40], [41].

Despite these encouraging results, GaN trench MOSFETs
face two challenges in fabrication and device operation: 1) the
channel mobility along the p-GaN inversion layer is very low
due to the interface and impurity scattering. As a result, an
abnormally large gate bias (e.g., >30 V) is required to gain a
reasonable drain current in the devices. 2) It is very difficult to
form good ohmic contacts in the buried p-GaN body after the
plasma etching process due to the generation of n-type com-
pensating vacancies. To circumvent the first challenge, in situ
oxide GaN interlayer vertical trench MOSFETs (OG-FETs)
were demonstrated [42], [43], where a thin unintentionally
doped (UID) GaN (UID-GaN) interlayer was grown in the
trench as the channel [Fig. 10(c)]. This channel had much
higher electron mobility due to suppressed interface scattering
with the oxide layer, and reduced impurity scattering due to
the low doping concentration in the UID GaN channel. High-
performance vertical trench MOSFETs are, therefore, possible
with these new fabrication processes. GaN OG-FETs with
a threshold voltage of 4.7 V [Fig. 10(d)], an ON-resistance
of 2.2 m�·cm2, and a breakdown voltage of 1.4 kV were
demonstrated [42]. To solve the second challenge, Li et al. [44]
replaced the etching process (which was used for accessing the
buried p-GaN) with selective area regrowth on the n+-GaN
source layer using MOCVD, where a via to the buried p-GaN
was formed for body contacts.

Furthermore, Tanaka et al. [45] realized planar vertical GaN
MOSFETs using all ion implantation processes. To obtain
better implanted p-GaN, they applied Mg and N sequential
implantation to form a p-type layer. Mg/N-implanted p-GaN
exhibited similar Mg concentration profiles to Mg-implanted
p-GaN before and after annealing. It was found that GaN
p-n junction with Mg/N implanted p-GaN showed increased
breakdown voltage and decreased leakage current, compared
with p-n junction with only Mg-implanted p-GaN. This per-
formance enhancement was likely because the N sequential
implantation reduced the hole traps in the p-GaN due to
N vacancies. Based on these results, they fabricated planar
vertical GaN MOSFETs using Mg/N implantation for p-well,
Si implantation for n-well, and O implantation for the JFET
region to reduce the JFET resistance. The devices showed a
threshold voltage of 2.5 V, an ON-resistance of 1.4 m�·cm2

(2.8 m�·cm2 if including the source parasitic resistance), and
a breakdown voltage of 1.2 kV [45].

Fig. 11. (a) Cross-sectional SEM image of GaN FinFETs. (b) Transfer
characteristics and gate leakage of GaN FinFETs with a fin width
of 180 nm. (c) OFF-state drain and gate leakage of GaN FinFETs
at zero gate bias. (d) Output characteristics of 10-A GaN FinFETs
with >600 fins (fin width 250 nm). (a) and (b): Reprinted from [46] with
permission, [2017] IEEE. (c) and (d): Reprinted from [47] with permission,
[2017] IEEE.

Vertical GaN FinFETs can also offer normally-OFF oper-
ation [5] without the need for p-GaN. When the fin width
is down to several hundred nanometers, the fin channel
can be depleted by the work function difference between
the gate metal and GaN [46]. The threshold voltage of
the devices will increase with decreasing fin width due to
stronger depletion effects. However, in the device fabrica-
tion, electron beam lithography has to be used to define the
narrow fin patterns. Furthermore, dry etching and TMAH
etching must be used together to achieve a vertical fin pro-
file [46] for good gate modulation. The crystal orientation
of the fin can also affect the sidewall roughness of the
fins after etching. All these factors significantly increase
the complexity and cost of FinFET fabrication. Despite
these challenges, vertical GaN FinFETs have been developed
[Fig. 11(a) and (b)]. Zhang et al. [47], [48] showed kV-class
GaN FinFETs and large-area devices with a current of 10 A
[Fig. 11(c) and (d)] and a high switching figure of merit.
Furthermore, Xiao et al. [49] systematically investigated the
leakage and breakdown mechanisms of vertical GaN FinFETs.
A high potential barrier in the fin channel at high drain bias
was found to be critical for normally-OFF device operation,
since the potential barrier can be reduced by the drain-induced
barrier lowering (DIBL) effect, which is closely related to
fin geometry, fin/oxide interface charge, and gate–drain bias.
In addition, the ON-resistance of the GaN FinFETs was also
analyzed [50], where the dominant resistance stemmed from
the drift layer and the substrate.

In a short summary, the four types of normally-OFF vertical
GaN power transistors discussed in this section have their
distinct advantages and disadvantages.

1) GaN CAVETs: Due to the 2DEG channel, GaN
CAVETs exhibit high channel electron mobility and
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Fig. 12. ON-resistance versus breakdown voltages of vertical GaN power
transistors. Reprinted from [42] with permission, [2017] IEEE.

high current. However, they have complicated device
structures (e.g., p-GaN CBLs, regrown AlGaN/GaN
channels, and slanted semipolar plane channels), which
require significant efforts in epitaxial regrowth and are
challenging to fabricate.

2) GaN JFETs: Normally-OFF operation can be achieved
in JFETs without any gate dielectrics. However, their
gate bias is limited to <3.5 V to prevent the turn-on of
parasitic gate p-n junctions. In addition, the regrowth of
the p-GaN gate is also very challenging.

3) GaN trench MOSFETs: These devices have very sim-
ple device structures that do not require regrowth, and
high threshold voltages can be obtained. Their disadvan-
tages include low channel mobility, interface charges at
the trench sidewall (caused by dry etching and dielectrics
deposition), high gate bias required to achieve decent
drain currents, and the difficulty in forming good ohmic
contacts in the buried p-GaN body after dry etching.
The low mobility issue could be partially solved by the
OG-FETs with the regrown UID-GaN channel.

4) GaN FinFETs: The advantage of GaN FinFETs is
that they have no p-GaN layers in the devices and do
not require the regrowth process. However, the device
fabrication process involves the use of electron beam
lithography, which is complicated and costly, with poten-
tially low device throughput and low device yield.

Fig. 12 shows the benchmark plot and comparison of
reported vertical GaN power transistors on bulk GaN sub-
strates [42], [43], [47].

IV. SELECTIVE AREA DOPING AND REGROWTH

Selective area doping and regrowth is an essential mate-
rial process for the fabrication of vertical GaN power rec-
tifiers and transistors. Selective area doping is required to
produce laterally pattern p-n junctions [Fig. 13(a)], which
are the foundations fabricating junction termination exten-
sion (JTE), JBS, and MPS rectifiers, JFETs, U-shape
MOSFETs (U-MOSFETs), and superjunctions. Historically,

Fig. 13. (a) Schematic of the selective area doping and regrowth process
and the resulted laterally patterned p-n junctions. (b) SE image and CL
of p-GaN regrowth in trenches. Low CL intensity at 2.9 eV indicates
low acceptor concentration. (c) Schematic of the p−-GaN lateral growth
from the trench sidewall and the p-GaN vertical growth from the trench
base. (d) Crystal planes of the two growth fronts and their boundary
indicated by the dashed line. Reprinted from [58] with the permission of
AIP Publishing.

ion implantation was used to fabricate these structures for
Si and SiC power devices, which has reached a high
level of maturity. However, ion implantation is challeng-
ing for GaN due to the required high annealing tempera-
tures (>1000 ◦C), which are beyond the GaN decomposi-
tion temperature (∼900 ◦C). Recent efforts in suppressing
GaN decomposition at high annealing temperatures include
AlN capping layers, multicycle rapid thermal annealing [51],
[52], ultrahigh pressure [53]–[55], and Mg and N sequential
implantation [45], [56]. However, effective ion implantation,
especially for p-type GaN [53]–[55], remains a challenge. As
a result, the regrowth process via MOCVD or molecular beam
epitaxy (MBE) on trench structures with smooth and low-
defect sidewalls by proper etching [57] is widely regarded as
one of the most promising methods to achieve selective area
doping in GaN.

A typical selective area regrowth process includes the
growth of n-GaN layers, trench formation in n-GaN by etch-
ing, and regrowth of p-GaN [Fig. 13(b)]. It was found that
p-GaN regrowth in the trench [58] was composed of fast lateral
growth from the trench sidewall and slow vertical growth from
the trench base [Fig. 13(c) and (d)]. Material characterizations
[58], [59] using secondary electron (SE) imaging and cathodo-
luminescence (CL) showed that the acceptor concentration in
the regrown p-GaN was not uniformly distributed, with much
lower acceptor concentration in the sidewall [Fig. 13(b)]. In
addition to growth optimization, shallow trenches were found
to be effective in suppressing the unwanted lateral growth and
the nonuniform acceptor distribution, possibly due to the faster
coalesce of the lateral and vertical growth fronts.

Currently, most regrown p-n junctions have shown large
reverse leakage currents and low breakdown voltages, possibly
due to dry etching damage and the resulting poor regrowth
interface. Transmission electron microscope (TEM) images
of the regrown p-n junctions showed the regrowth inter-
face [Fig. 14(a)]. Secondary ion mass spectrometry (SIMS)
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Fig. 14. (a) Cross-sectional TEM image and (b) SIMS profile of the
regrown p-n junction. The regrowth interface is clearly visible. (c) Electro-
static potential profile near the regrowth interface in a regrown GaN p-i-n
structure obtained by electron holography with charge densities near the
regrowth interface indicated. (d) SIMS profile of the near the regrowth
interface in (c). (a) and (b): Reprinted from [60] with the permission of
AIP Publishing. (c) and (d): Reprinted from [61] with the permission of AIP
Publishing.

analysis [Fig. 14(b)] confirmed that a large number of impu-
rities, such as Si and O (sources for donors), were observed
at the regrowth interface [60]. It should be noted that Mg
concentration peak was also observed at the regrowth interface,
indicating Mg gettering [61]. Capacitance–voltage (C − V )
measurements are commonly used to investigate the distribu-
tion of charges in devices [62], [63]. A high concentration of
charges at the regrowth interface was observed using C − V
measurements [60]. The effect of these high-density charges
on the band profile of the regrown p-n junctions was revealed
by electron holography [Fig. 14(c)], where considerable band
bending occurred at both sides of the regrowth interface
[61]. The band bending at the n-side was due to Si and O
impurities, while the band bending at the p-side was likely
due to the high concentration of holes from Mg/Si [Fig. 14(d)]
and Mg/O codoping [64]. These findings were used to explain
the large leakage current in regrown GaN p-n junctions, i.e.,
the regrowth interface may act as a leaky p+/−n+ tunneling
junction [61].

Due to the complexity of p-GaN regrowth in trench
structures involving two crystal orientations [Fig. 15(a)],

Fig. 15. (a) Schematic of regrown p-n junctions in a trench structure
where the lateral and vertical junctions are from different crystal orienta-
tions. (b) Reverse I − V regrown p-n junctions with different dry etching
conditions and different insertion layer thickness. (c) Charge density
at the regrowth interface and leakage current for the five regrown p-n
junctions in (b). Reprinted from [65] with permission, [2019] IEEE.

researchers tried to simplify the process by directly regrowing
p-GaN on etched planar surfaces for regrown vertical p-n
junctions, the properties of which can be used to study the
regrowth process [60], [65]–[67]. A smooth and low-damage
etching is the key process to achieve an excellent regrowth
interface. Inductively coupled plasma (ICP) dry etching is
one of the most widely used etching methods. Studies on the
effects of ICP etching and surface treatment on the regrown
p-n junctions were carried out [65], highlighting the following
three key approaches:

First, proper surface treatment before the regrowth process
is critical. Fu et al. [65] reported a surface treatment process
for the regrown GaN p-n junctions using UV-ozone, and HF
and HCl acid treatment. The UV-ozone will first oxidize the
GaN surfaces and organic contaminants, and the acids will
then help remove oxidized materials, which results in a clean
regrowth surface. In addition, Pickrell et al. [68] also reported
an effective surface treatment method using dilute KOH.

Second, reducing ICP etching power can dramatically
reduce the interface charges, leading to much smaller leakage
currents in the regrown p-n junctions [Fig. 15(b) and (c)].
Furthermore, an additional thermal annealing process can
effectively remove residual etching reaction byproducts

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on September 15,2021 at 11:55:28 UTC from IEEE Xplore.  Restrictions apply. 



3220 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 7, JULY 2021

Fig. 16. Comparison of vertical GaN regrown and as-grown p-n diodes.
Reprinted from [65] with permission, [2019] IEEE.

(e.g., GaClx), therefore reducing surface roughness and
improving regrowth interfaces [69]. It is also worth noting that
other innovative etching methods have also been developed to
minimize the etching damage, including atomic layer etching
(ALE) and in situ etching [70], [71].

Third, a thin UID-GaN insertion layer can be grown before
the p-GaN regrowth, which can effectively decrease the leak-
age current in the regrown p-n junctions. This is because
this UID-GaN insertion layer can shift the junction away
from the regrowth interface, preventing the formation of leaky
p+/−n+ tunneling junctions.

Using a combination of the abovementioned three
approaches, the leakage current density in the regrown GaN
p-n junctions to the order of 10−5 A/cm2 [65], which is
close to the value in as-grown p-n junctions (i.e., without
the regrowth process). However, one drawback of this low
power ICP etching is the low etching rate (i.e., 1 nm/min),
which is not practical for structures with deep trenches and
mesas. Therefore, a multistep etching process (i.e., steps with
decreasing ICP etching powers) was developed to balance
the etching rate and the etching damage. Regrown devices
fabricated using this multistep etching process [65] showed
excellent device performance with an on/off ratio of ∼1010

and a high breakdown voltage of >1.2 kV. Baliga’s figure of
merit of this device was 2.0 GW/cm2, which is comparable
to as-grown p-n diodes. In addition, Hu et al. [72] reported a
regrown p-n diode with a breakdown voltage of 1.1 kV using
MBE regrowth. Monavarian et al. [73] showed a regrown
p-n diode on nonpolar m-plane substrates with a breakdown
voltage of 540 V.

Fig. 16 shows a comparison of the performance of vertical
GaN regrown p-n diodes with some as-grown p-n diodes on
bulk substrates [65]. The performance of GaN regrown p-n
junctions is expected to be further improved by optimizing
etching conditions, surface treatments, and regrowth processes.
And high quality lateral regrown p-n junctions can be devel-
oped by capitalizing on these results to realize selective area
doping for advanced GaN power electronics.

V. CONCLUSION

This article reviews the recent development of vertical
GaN power rectifiers and transistors, highlighting their unique
device principles and advanced fabrication technologies. Vari-

ous advanced vertical GaN power rectifiers are demonstrated,
such as JBS, MPS, and TMBS rectifiers, as well as normally-
OFF vertical GaN power transistors, including GaN CAVETs,
GaN JFETs, GaN MOSFETs, and GaN FinFETs. However, the
fabrication technologies for these GaN devices are still being
developed and far from mature, especially in ion implantation,
etching, and selective area doping processes, and the associ-
ated device performance could be further improved.

Among all the fabrication processes, selective area doping
is one of the most critical ones. It enables the laterally
patterned p-n junction structure, which is essential to many of
the abovementioned advanced GaN power devices. Currently,
there are several routes toward realizing selective area doping
in GaN. The goal is to produce arbitrarily placed, contacted,
and generally useable p-n junctions. The first route is solid-
state diffusion. It involves the deposition of Mg sources
on GaN surface and thermal annealing to diffuse Mg into
GaN. However, it faces challenges in surface degradation
under high-temperature annealing, formation of compensating
defects under high Mg incorporation, and Mg activation.
The second route is neutron and photonuclear transmutation.
This technology uses neutrons or high-energy gamma rays to
convert Ga into Ge (n-type dopant) or Zn (p-type dopant).
Although good n-type doping was achieved in GaN, p-type
conductivity has not been realized yet. The third route is ion
implantation, which is widely used in Si and SiC devices
to realize selective area doping. Very high annealing tem-
peratures are needed to activate Mg and recover implanta-
tion damage. However, GaN decomposes at relatively lower
temperatures; therefore, surface decomposition is a serious
challenge in the process. There is some progress in preventing
GaN decomposition during annealing using multicycle rapid
thermal annealing [51], [52], and ultrahigh pressure [53]–[55].
Mg activation ratio and hole mobility comparable to as-grown
p-GaN have been realized. However, the equipment needed to
carry out these novel thermal annealing processes is not readily
accessible to researchers and companies in the field, which
could hinder their widespread implementation. Approaches to
decrease the required annealing temperatures and pressures
will be highly desired. If a reliable, simple, accessible, and
efficient p-type ion implantation can be developed for GaN, it
will significantly facilitate the mass adoption of GaN power
technology to compete with the more mature Si and SiC
technologies.

The fourth route is selective area regrowth. Recently,
regrown planar GaN p-n junctions exhibited promising perfor-
mance with reduced leakage and increased breakdown voltages
through etching optimization and proper surface treatment. In
addition, low-leakage lateral p-n junctions still need significant
research efforts since regrowth in trenches can be drastically
different from the regrowth on planar surfaces. Comprehensive
growth and materials investigations are needed to study the
lateral p-n junctions, including growth dynamics, etching
conditions, postetching treatments, dopant profiling, impurity
control, electronic structures at the regrowth interface, and so
on. One of the complexities of lateral p-n junctions is that
both the lateral and vertical leakages have to be suppressed,
where the basal c-plane and sidewall planes have very differ-
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ent properties. Another important direction of selective area
doping and regrowth is developing novel etching methods to
reduce etching damage. Currently, there are some reports on
ALE [74], [75], in situ etching [70], and photoelectrochemical
(PEC) wet etching [76]. Their effects on device performance
remain to be seen. With the progress of selective area doping
in GaN, more advanced devices should be demonstrated, even
the insulated-gate bipolar transistors (IGBTs). Finally, failure
analysis and reliability study of vertical GaN power devices
are also critical in increasing the maturity and wider adoption
of this technology.

The research and development on vertical GaN devices have
seen remarkable progress, from device conceptions, fabrication
technologies, to prototype demonstrations, as discussed in
this review. These exciting results are enabled by a close
interaction between interdisciplinary fields, such as materials
epitaxy sciences, material characterizations, semiconductor
fabrication technologies, and semiconductor power devices,
which may eventually lead to the maturity and wide adoption
of vertical GaN power device technology. A revolution in the
power electronics technology will bring about a fundamen-
tal change in how we can convert, distribute, control, and
utilize electricity and revolutionize the power grid for the
21st century.

REFERENCES

[1] H. Amano et al., “The 2018 GaN power electronics roadmap,” J. Phys.
D, Appl. Phys., vol. 51, no. 16, Mar. 2018, Art. no. 163001.

[2] S. Chowdhury and U. K. Mishra, “Lateral and vertical transistors using
the AlGaN/GaN heterostructure,” IEEE Trans. Electron Devices, vol. 60,
no. 10, pp. 3060–3066, Oct. 2013.

[3] S. Chowdhury, B. L. Swenson, M. H. Wong, and U. K. Mishra, “Current
status and scope of gallium nitride-based vertical transistors for high-
power electronics application,” Semicond. Sci. Technol., vol. 28, no. 7,
Jun. 2013, Art. no. 074014.

[4] Y. Zhang, A. Dadgar, and T. Palacios, “Gallium nitride vertical power
devices on foreign substrates: A review and outlook,” J. Phys. D, Appl.
Phys., vol. 51, no. 27, Jun. 2018, Art. no. 273001.

[5] Y. Zhang and T. Palacios, “(Ultra)wide-bandgap vertical power Fin-
FETs,” IEEE Trans. Electron Devices, vol. 67, no. 10, pp. 3960–3971,
Oct. 2020.

[6] J. Y. Tsao et al., “Ultrawide-bandgap semiconductors: Research oppor-
tunities and challenges,” Adv. Electron. Mater., vol. 4, no. 1, Jan. 2018,
Art. no. 1600501.

[7] F. Roccaforte, G. Greco, P. Fiorenza, and F. Iucolano, “An overview of
normally-off GaN-based high electron mobility transistors,” Materials,
vol. 12, no. 10, p. 1599, May 2019.

[8] X. Ding, Y. Zhou, and J. Cheng, “A review of gallium nitride power
device and its applications in motor drive,” CES Trans. Electr. Mach.
Syst., vol. 3, no. 1, pp. 54–64, Mar. 2019.

[9] C.-T. Ma and Z.-H. Gu, “Review of GaN HEMT applications in power
converters over 500 w,” Electronics, vol. 8, no. 12, p. 1401, Nov. 2019.

[10] J. D. Deivanayagam, A. Ramanath, and N. Mohan, “A review of GaN
based inverters for integration of renewables with the grid,” in Proc.
Nat. Power Electron. Conf. (NPEC), Dec. 2019, pp. 1–6, doi: 10.1109/
NPEC47332.2019.9034752.

[11] T. J. Flack, B. N. Pushpakaran, and S. B. Bayne, “GaN technology for
power electronic applications: A review,” J. Electron. Mater., vol. 45,
no. 6, pp. 2673–2682, Mar. 2016.

[12] I. C. Kizilyalli, A. P. Edwards, O. Aktas, T. Prunty, and D. Bour,
“Vertical power p-n diodes based on bulk GaN,” IEEE Trans. Electron
Devices, vol. 62, no. 2, pp. 414–422, Feb. 2015.

[13] Y. Sun et al., “Review of the recent progress on GaN-based vertical
power Schottky barrier diodes (SBDs),” Electronics, vol. 8, no. 5, p. 575,
May 2019.

[14] J. Hu, Y. Zhang, M. Sun, D. Piedra, N. Chowdhury, and T. Palacios,
“Materials and processing issues in vertical GaN power electronics,”
Mater. Sci. Semicond. Process., vol. 78, pp. 75–84, May 2018.

[15] H. Fu, X. Huang, H. Chen, Z. Lu, X. Zhang, and Y. Zhao, “Effect of
buffer layer design on vertical GaN-on-GaN p-n and Schottky power
diodes,” IEEE Electron Device Lett., vol. 38, no. 6, pp. 763–766,
Jun. 2017.

[16] D. Ji, S. Li, B. Ercan, C. Ren, and S. Chowdhury, “Design and
fabrication of ion-implanted moat etch termination resulting in 0.7 m�
cm2/1500 V GaN diodes,” IEEE Electron Device Lett., vol. 41, no. 2,
pp. 264–267, Feb. 2020.

[17] H. Fu et al., “High voltage vertical GaN p-n diodes with hydrogen-
plasma based guard rings,” IEEE Electron Device Lett., vol. 41, no. 1,
pp. 127–130, Jan. 2020.

[18] D. Ji, B. Ercan, and S. Chowdhury, “Experimental determination of
impact ionization coefficients of electrons and holes in gallium nitride
using homojunction structures,” Appl. Phys. Lett., vol. 115, no. 7,
Aug. 2019, Art. no. 073503.

[19] B. J. Baliga, Advanced Power Rectifier Concepts. Boston, MA, USA:
Springer, 2009.

[20] Y. Zhang et al., “Vertical GaN junction barrier Schottky rectifiers by
selective ion implantation,” IEEE Electron Device Lett., vol. 38, no. 8,
pp. 1097–1100, Aug. 2017.

[21] T. Hayashida, T. Nanjo, A. Furukawa, and M. Yamamuka, “Vertical GaN
merged PiN Schottky diode with a breakdown voltage of 2 kV,” Appl.
Phys. Exp., vol. 10, no. 6, May 2017, Art. no. 061003.

[22] W. Li et al., “Design and realization of GaN trench junction-barrier-
Schottky-diodes,” IEEE Trans. Electron Devices, vol. 64, no. 4,
pp. 1635–1641, Apr. 2017.

[23] Y. Zhang et al., “Novel GaN trench MIS barrier Schottky rectifiers with
implanted field rings,” in IEDM Tech. Dig., Dec. 2016, p. 10.

[24] Y. Zhang et al., “Trench formation and corner rounding in vertical
GaN power devices,” Appl. Phys. Lett., vol. 110, no. 19, May 2017,
Art. no. 193506.

[25] I. Ben-Yaacov, Y. K. Seck, U. K. Mishra, and S. P. DenBaars,
“AlGaN/GaN current aperture vertical electron transistors with regrown
channels,” J. Appl. Phys., vol. 95, no. 4, p. 2073, Jan. 2004.

[26] S. Chowdhury, B. L. Swenson, and U. K. Mishra, “Enhancement and
depletion mode AlGaN/GaN CAVET with Mg-ion-implanted GaN as
current blocking layer,” IEEE Electron Device Lett., vol. 29, no. 6,
pp. 543–545, Jun. 2008.

[27] H. Nie et al., “1.5-kV and 2.2-m�cm2 vertical GaN transistors on
bulk-GaN substrates,” IEEE Electron Device Lett., vol. 35, no. 9,
pp. 939–941, Sep. 2014.

[28] D. Shibata et al., “1.7 kV/1.0 m�cm2 normally-off vertical GaN
transistor on GaN substrate with regrown p-GaN/AlGaN/GaN semipolar
gate structure,” in IEDM Tech. Dig., Dec. 2016, pp. 10.1.1-10.1.4.

[29] A. E. Romanov, T. J. Baker, S. Nakamura, J. S. Speck, and E. UCSB
Group, “Strain-induced polarization in wurtzite III-nitride semipolar
layers,” J. Appl. Phys., vol. 100, no. 2, Jul. 2006, Art. no. 023522.

[30] H. Fu, Z. Lu, X. Huang, H. Chen, and Y. Zhao, “Crystal orientation
dependent intersubband transition in semipolar AlGaN/GaN single quan-
tum well for optoelectronic applications,” J. Appl. Phys., vol. 119, no. 17,
May 2016, Art. no. 174502.

[31] H. Fu, Z. Lu, and Y. Zhao, “Analysis of low efficiency droop of
semipolar InGaN quantum well light-emitting diodes by modified rate
equation with weak phase-space filling effect,” AIP Adv., vol. 6, no. 6,
Jun. 2016, Art. no. 065013.

[32] X. Huang et al., “Nonpolar and semipolar InGaN/GaN multiple-
quantum-well solar cells with improved carrier collection efficiency,”
Appl. Phys. Lett., vol. 110, no. 16, Apr. 2017, Art. no. 161105.

[33] D. Ji et al., “Normally off trench CAVET with active Mg-doped GaN
as current blocking layer,” IEEE Trans. Electron Devices, vol. 64, no. 3,
pp. 805–808, Mar. 2017.

[34] D. Ji and S. Chowdhury, “Design of 1.2 kV power switches with low
RON using GaN-based vertical JFET,” IEEE Trans. Electron Devices,
vol. 62, no. 8, pp. 2571–2578, Aug. 2015.

[35] I. C. Kizilyalli and O. Aktas, “Characterization of vertical GaN p–
n diodes and junction field-effect transistors on bulk GaN down to
cryogenic temperatures,” Semicond. Sci. Technol., vol. 30, no. 12,
Nov. 2015, Art. no. 124001.

[36] C. Yang et al., “GaN vertical-channel junction field-effect transistors
with regrown p-GaN by MOCVD,” IEEE Trans. Electron Devices,
vol. 67, no. 10, pp. 3972–3977, Oct. 2020.

[37] S. Kotzea, A. Debald, M. Heuken, H. Kalisch, and A. Vescan,
“Demonstration of a GaN-based vertical-channel JFET fabricated by
selective-area regrowth,” IEEE Trans. Electron Devices, vol. 65, no. 12,
pp. 5329–5336, Dec. 2018.

[38] T. Oka, Y. Ueno, T. Ina, and K. Hasegawa, “Vertical GaN-based trench
metal oxide semiconductor field-effect transistors on a free-standing
GaN substrate with blocking voltage of 1.6 kV,” Appl. Phys. Exp., vol. 7,
no. 2, Jan. 2014, Art. no. 021002.

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on September 15,2021 at 11:55:28 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/NPEC47332.2019.9034752
http://dx.doi.org/10.1109/NPEC47332.2019.9034752


3222 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 7, JULY 2021

[39] T. Oka, T. Ina, Y. Ueno, and J. Nishii, “1.8 m�.cm2vertical GaN-
based trench metal–oxide–semiconductor field-effect transistors on a
free-standing GaN substrate for 1.2-kV-class operation,” Appl. Phys.
Exp., vol. 8, no. 5, Apr. 2015, Art. no. 054101.

[40] D. C. Look, G. C. Farlow, P. J. Drevinsky, D. F. Bliss, and J. R. Sizelove,
“On the nitrogen vacancy in GaN,” Appl. Phys. Lett., vol. 83, no. 17,
p. 3525, Oct. 2003.

[41] W. Lee et al., “Optimization of fe doping at the regrowth interface
of GaN for applications to III-nitride-based heterostructure field-effect
transistors,” Appl. Phys. Lett., vol. 90, no. 9, Feb. 2007, Art. no. 093509.

[42] D. Ji et al., “Demonstrating >1.4 kV OG-FET performance with a novel
double field-plated geometry and the successful scaling of large-area
devices,” in IEDM Tech. Dig., Dec. 2017, pp. 9.4.1–9.4.4.

[43] D. Ji et al., “Large-area in-situ oxide, GaN interlayer-based vertical
trench MOSFET (OG-FET),” IEEE Electron Device Lett., vol. 39, no. 5,
pp. 711–714, May 2018.

[44] R. Li, Y. Cao, M. Chen, and R. Chu, “600 V/1.7� cm2 normally-off
GaN vertical trench metal-oxide-semiconductor field-effect transistor,”
IEEE Electron Device Lett., vol. 37, no. 11, 1466-1469, Nov. 2016.

[45] R. Tanaka, S. Takashima, K. Ueno, H. Matsuyama, and M. Edo,
“Demonstration of 1200 V/1.4 m� cm2 vertical GaN planar MOSFET
fabricated by an all ion implantation process,” Jpn. J. Appl. Phys.,
vol. 59, no. SG, Jan. 2020, Art. no. SGGD02.

[46] M. Sun, Y. Zhang, X. Gao, and T. Palacios, “High-performance GaN
vertical fin power transistors on bulk GaN substrates,” IEEE Electron
Device Lett., vol. 38, no. 4, pp. 509–512, Apr. 2017.

[47] Y. Zhang et al., “1200 v GaN vertical fin power field-effect transistors,”
in IEDM Tech. Dig., Dec. 2017, pp. 9.2.1–9.2.4.

[48] Y. Zhang et al., “Large-area 1.2-kV GaN vertical power FinFETs with
a record switching figure of merit,” IEEE Electron Device Lett., vol. 40,
no. 1, pp. 75–78, Jan. 2019.

[49] M. Xiao, X. Gao, T. Palacios, and Y. Zhang, “Leakage and breakdown
mechanisms of GaN vertical power FinFETs,” Appl. Phys. Lett., vol. 114,
no. 16, Apr. 2019, Art. no. 163503.

[50] M. Xiao, T. Palacios, and Y. Zhang, “ON-resistance in vertical power
FinFETs,” IEEE Trans. Electron Devices, vol. 66, no. 9, pp. 3903–3909,
Sep. 2019.

[51] B. N. Feigelson et al., “Multicycle rapid thermal annealing technique
and its application for the electrical activation of mg implanted in GaN,”
J. Cryst. Growth, vol. 350, no. 1, pp. 21–26, Jul. 2012.

[52] J. D. Greenlee, B. N. Feigelson, T. J. Anderson, J. K. Hite, K. D. Hobart,
and F. J. Kub, “Symmetric multicycle rapid thermal annealing: Enhanced
activation of implanted dopants in GaN,” ECS J. Solid State Sci.
Technol., vol. 4, no. 9, pp. P382–P386, Aug. 2015.

[53] M. Bockowski, “Highly effective activation of Mg-implanted p-type
GaN by ultra-high-pressure annealing,” Appl. Phys. Lett., vol. 115,
no. 14, Sep. 2019, Art. no. 142104.

[54] T. Narita et al., “Progress on and challenges of p-type formation
for GaN power devices,” J. Appl. Phys., vol. 128, no. 9, Sep. 2020,
Art. no. 090901.

[55] K. Sierakowski et al., “High pressure processing of ion implanted GaN,”
Electronics, vol. 9, no. 9, p. 1380, Aug. 2020.

[56] H. Sakurai et al., “Recent progress of Mg-ion implantation and thermal
activation process for p-doping in GaN,” Proc. SPIE, vol. 10918,
Mar. 2019, Art. no. 109180V.

[57] M. Kodama et al., “GaN-based trench gate metal oxide semiconductor
field-effect transistor fabricated with novel wet etching,” Appl. Phys.
Exp., vol. 1, Feb. 2008, Art. no. 021104.

[58] P.-Y. Su et al., “Lateral and vertical growth of Mg-doped GaN on trench-
patterned GaN films,” Appl. Phys. Lett., vol. 117, no. 10, Sep. 2020,
Art. no. 102110.

[59] H. Liu et al., “Non-uniform mg distribution in GaN epilayers grown on
mesa structures for applications in GaN power electronics,” Appl. Phys.
Lett., vol. 114, no. 8, Feb. 2019, Art. no. 082102.

[60] K. Fu et al., “Investigation of GaN-on-GaN vertical p-n diode with
regrown p-GaN by metalorganic chemical vapor deposition,” Appl. Phys.
Lett., vol. 113, no. 23, Dec. 2018, Art. no. 233502.

[61] S. R. Alugubelli et al., “Determination of electronic band structure
by electron holography of etched-and-regrown interfaces in GaN p-i-n
diodes,” Appl. Phys. Lett., vol. 115, no. 20, Nov. 2019, Art. no. 201602.

[62] H. Fu et al., “Demonstration of AlN Schottky barrier diodes with
blocking voltage over 1 kV,” IEEE Electron Device Lett., vol. 38, no. 9,
pp. 1286–1289, Sep. 2017.

[63] H. Fu et al., “A comparative study on the electrical properties of
vertical (2̄01) and (010) β-Ga2O3 Schottky barrier diodes on EFG
single-crystal substrates,” IEEE Trans. Electron Devices, vol. 65, no. 8,
pp. 3507–3513, Aug. 2018.

[64] H. Katayama-Yoshida, T. Nishimatsu, T. Yamamoto, and N. Orita,
“Codoping method for the fabrication of low-resistivity wide bandgap
semiconductors in p-type GaN, p-type AlN and n-type diamond: Pre-
diction versus experiment,” J. Phys., Condens. Matter, vol. 13, no. 40,
p. 8901, Sep. 2001.

[65] K. Fu et al., “Demonstration of 1.27 kV etch-then-regrow GaN p-n
junctions with low leakage for GaN power electronics,” IEEE Electron
Device Lett., vol. 40, no. 11, pp. 1728–1731, Nov. 2019.

[66] K. Fu et al., “Reverse leakage analysis for As-grown and regrown
vertical GaN-on-GaN Schottky barrier diodes,” IEEE J. Electron Devices
Soc., vol. 8, pp. 74–83, 2020.

[67] K. Fu et al., “Threshold switching and memory behaviors of epitaxially
regrown GaN-on-GaN vertical p-n diodes with high temperature sta-
bility,” IEEE Electron Device Lett., vol. 40, no. 3, pp. 375–378,
Mar. 2019.

[68] G. W. Pickrell et al., “Investigation of dry-etch-induced defects in >600
v regrown, vertical, GaN, p-n diodes using deep-level optical spec-
troscopy,” J. Appl. Phys., vol. 126, no. 14, Oct. 2019, Art. no. 145703.

[69] S. Yamada et al., “Reduction of plasma-induced damage in n-type GaN
by multistep-bias etching in inductively coupled plasma reactive ion
etching,” Appl. Phys. Exp., vol. 13, no. 1, Dec. 2019, Art. no. 016505.

[70] B. Li, M. Nami, S. Wang, and J. Han, “In situ and selective area etching
of GaN by tertiarybutylchloride (TBCl),” Appl. Phys. Lett., vol. 115,
no. 16, Oct. 2019, Art. no. 162101.

[71] B. Li, S. Wang, M. Nami, and J. Han, “A study of damage-free in-situ
etching of GaN in metalorganic chemical vapor deposition (MOCVD)
by tertiarybutylchloride (TBCl),” J. Cryst. Growth, vol. 534, Mar. 2020,
Art. no. 125492.

[72] Z. Hu et al., “1.1-kV vertical GaN p-n diodes with p-GaN regrown by
molecular beam epitaxy,” IEEE Electron Device Lett., vol. 38, no. 8,
pp. 1071–1074, Aug. 2017.

[73] M. Monavarian et al., “High-voltage regrown nonpolar m-plane ver-
tical p-n diodes: A step toward future selective-area-doped power
switches,” IEEE Electron Device Lett., vol. 40, no. 3, pp. 387–390,
Mar. 2019.

[74] S. Ruel et al., “Atomic layer etching of GaN using Cl2 and he
or ar plasma,” J. Vac. Sci. Technol. A, vol. 39, no. 2, Mar. 2021,
Art. no. 022601.

[75] I.-H. Hwang, H.-Y. Cha, and K.-S. Seo, “Low-damage and self-limiting
(Al)GaN etching process through atomic layer etching using O2 and
BCl3 plasma,” Coatings, vol. 11, no. 3, p. 268, Feb. 2021.

[76] A. Aragon et al., “Defect suppression in wet-treated etched-and-regrown
nonpolar m-plane GaN vertical Schottky diodes: A deep-level optical
spectroscopy analysis,” J. Appl. Phys., vol. 128, no. 18, Nov. 2020,
Art. no. 185703.

Authorized licensed use limited to: Fondren Library Rice University. Downloaded on September 15,2021 at 11:55:28 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


