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ABSTRACT

A low-loss gallium nitride monolithic bidirectional switch (MBDS) is demonstrated by antiparallel connecting two high electron mobility
transistors (HEMTs), which feature recessed Schottky-type drain and reverse blocking (RB) property. The RB-HEMT shows a low turn-on
voltage (VON) of 0.33V and a reverse leakage current (ILEAK) of 300 nA/mm. Moreover, the MBDS exhibits outstanding static performance
with a low specific ON-resistance (RON,SP) of 1.18mX � cm2, a high saturated current density (Isat) of 380mA/mm, a breakdown voltage of
425V, and a high Baliga’s figure of merit of 153MW/cm2. In addition, the MBDS shows highly efficient pulse width modulation as an AC
chopper and low switching loss. These results highlight the promise of the proposed MBDS for power conversion applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0292563

The monolithic bidirectional switch (MBDS), capable of sustain-
ing high voltage in the off-state and conducting current in both
directions, features high energy efficiency and compact device configu-
ration, making it attractive for power applications such as grid interfa-
ces, motor drives, and battery management systems.1,2 Lateral MBDSs
based on gallium nitride (GaN) high electron mobility transistors
(GaN HEMTs) have attracted extensive research interest compared
with devices made of silicon carbide (SiC)3 and gallium oxide
(Ga2O3),

4,5 owing to their outstanding high frequency performance,
low conduction loss, and ease of integration.6–8 Dual gate and diode
bridge configurations are among the typical approaches to realizing
GaN MBDSs.9,10 The dual gate MBDS features a shared drift region to
enable bidirectional current conduction and to achieve chip area
reduction. However, in the diode mode of dual gate MBDS, where one
gate turns on and the other turns off, the device shows increased ON-
resistance (RON) and higher turn-on voltage (VON) than that in the
bidirectional conducting mode, as the drain voltage needs to forward
bias the off-state gate junction.6,11 The diode bridge MBDS, which inte-
grates four Schottky barrier diodes (SBDs) and one HEMT, simplifies
gate driving but suffers from a high VON due to the forward voltage
drop across two series-connected SBDs.9,12 MBDS can also be realized
using two antiparallel connected reverse blocking HEMTs (RB-HEMTs).

This configuration achieves low VON and stable RON across different
gate driving conditions, making it preferable for matrix converters
employing two-step current-direction-based commutation.13,14

As a unit cell of the MBDS, the RB-HEMT, which typically
involves a Schottky-type drain to enable forward conduction and
reverse blocking, has been extensively investigated to improve VON,
RON, and reverse leakage current (ILEAK). Wu et al. proposed an RB-
HEMT with Al2O3 dielectric to achieve a low VON of �1V and an
RON of �41.7 X �mm.15 The VON and RON can be lowered by reduc-
ing the barrier layer thickness in the drain terminal, thereby lowering
the conduction loss. Toward a recessed-drain, Cl2/BCl3-based induc-
tively coupled plasma reactive ion etching (ICP-RIE) has been com-
monly used for AlGaN layer etching. For example, Wang et al.
investigated a drain-recessed RB-HEMT via ICP-RIE to achieve a VON

of �0.63V and an RON of �28.5 X �mm.16 However, the associated
ion bombardment and ultraviolet photon exposure during the ICP-
RIE process inevitably induce etching damage in the recessed region,
thereby degrading the VON, RON, and ILEAK. Lei et al. have employed
plasma oxidation and hydrogen chloride treatment in the recessed
region to reduce etching damage, achieving a lower VON of �0.5V, an
RON of�11X �mm, and an ILEAK of�20nA/mm.14 Wang et al.man-
aged to mitigate etching damage by annealing at 450 �C with nitrogen,
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achieving a low VON of �0.25V and an RON of �10.4X �mm.
However, the etching damage was not fully eliminated, as evidenced
by an ILEAK of �2mA/mm.17 Recently, neutral beam etching (NBE)
has garnered extensive research interest in achieving low-damage and
precise material removal. This technique employs neutralized ions to
achieve etching while preventing charge accumulation and radiation-
induced defects.18–20 In this work, an argon-based NBE process was
employed to selectively etch the AlGaN barrier layer, enabling the fab-
rication of RB-HEMT with a Schottky-type drain that exhibits low
VON and ILEAK. Moreover, MBDS was constructed by antiparallel con-
necting two RB-HEMTs, demonstrating excellent static and dynamic
performance with low conduction and switching losses.

Figure 1(a) illustrates the device structure and equivalent circuit of
the RB-HEMT, in which the drain is recessed and formed with a
Schottky contact. The GaN-based epilayers were grown on a 6-inch sili-
con substrate by metal organic chemical vapor deposition (MOCVD).
The epitaxial structure consists of a 23nm Al0.26Ga0.74N barrier layer, a
0.8 nm AlN spacer layer, a 210nm i-GaN layer, and a 5mm undoped-
GaN buffer layer. The Hall effect measurement showed a sheet resis-
tance of �280 X/square and an electron mobility of �1900 cm2/V � s.
The fabricated RB-HEMT device can be regarded as an HEMT

connected in series with an SBD. As shown in Fig. 1(b), two RB-
HEMTs are connected in an antiparallel configuration to construct the
MBDS, where the drain of one RB-HEMT is linked to the source of the
other transistor via a metal pad, defined as Source1 (S1) and Source2
(S2). The fabrication process starts from mesa isolation, followed by Ti/
Al/Ni/Au (20/150/50/80nm) ohmic contacts deposition and rapid ther-
mal annealing at 850 �C for 40 s in an N2 ambient. The recessed region
was achieved through the NBE process using 200 eV argon-based
plasma for 340 s, achieving an etching depth of 17.2 nm. A 15nm Al2O3

layer was deposited by plasma enhanced atomic layer deposition
(PEALD) at 300 �C, serving as the gate dielectric and surface passiv-
ation. Finally, the Al2O3 layer in the recessed regions was removed by
HF/NH4F solution for 2min. Ni/Au (20/200nm) was deposited on the
gate electrodes, the recessed regions of S1 and S2, and the ohmic con-
tacts to serve as pad interconnections. Figure 1(c) is a scanning electron
microscope (SEM) image of the fabricated MBDS, and the measured
device dimensions are shown in the zoomed-in SEM image
in Fig. 1(d), featuring LG1¼ LG2¼ 2.5mm, LG1S1¼ LG2S2¼ 1.5mm,
LG1S2¼ LG2S1¼ 4.4mm, andWG¼ 23.6mm, respectively.

As shown in Fig. 2(a), the RB-HEMT can sustain reverse voltage
when VGS exceeds the threshold voltage (VTH), which differs from

FIG. 1. (a) The schematic of the RB-HEMT, (b) the schematic of the MBDS, (c) SEM image of the MBDS, and (d) zoomed-in image of (c) with device dimensions.
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HEMT with ohmic-type drain. Figure 2(b) presents the transfer char-
acteristics of the RB-HEMT and HEMT, which exhibit an identical
VTH of �4.6V at IDS¼ 1mA/mm. As shown in Fig. 2(c), the RON of
�9.7 X �mm (�13 X �mm) for HEMT (RB-HEMT) is calculated by
the reciprocal of output conductance. Figure 2(d) shows the log-scaled
output characteristics, where the ILEAK is �300 nA/mm when
VDS¼�400V and VGS¼ 0V, demonstrating an outstanding reverse
blocking capability. The VON of �0.33V is achieved at IDS
¼ 1mA/mm, which is primarily determined by the Schottky barrier
height at the recessed region. Figure 2(e) shows the breakdown vol-
tages of the RB-HEMT and HEMT devices, which are measured when

drain leakage current reaches 10mA/mm with a floating substrate. The
red solid curve represents the forward and reverse breakdown voltages
of the RB-HEMT, while the blue dashed curve corresponds to the for-
ward breakdown voltage of the HEMT. The RB-HEMT can not only
sustain a forward voltage of �430V at VGS¼�10V but also sustain a
reverse voltage of�400V at VGS¼ 0V. However, the HEMT only sus-
tains a forward voltage of �394V at VGS¼�10V. Figure 2(f) com-
pares the VON vs ILEAK characteristics of the proposed drain-recessed
RB-HEMT.21–23 In the literature,14,24 a higher AlGaN barrier height
near the drain effectively suppresses reverse leakage current by reduc-
ing electron tunneling, but at the cost of a higher VON. In contrast, the

FIG. 2. (a) Equivalent schematics of the HEMT and RB-HEMT, (b) transfer characteristics, (c) forward output characteristics, (d) log-scaled output characteristics, (e) breakdown
characteristics, and (f) benchmark of drain-recessed RB-HEMTs.
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realization of an ohmic–Schottky hybrid drain helps reduce VON but
introduces an additional current leakage path, resulting in higher
ILEAK, as reported in the literature.17

The operating principle of the proposed MBDS is illustrated in
Table I, including four operating modes: bidirectional conducting/
blocking modes and forward/reverse diode modes. As VG1S1 > VTH

and VG2S2 > VTH, the MBDS operates in a bidirectional conducting
mode, allowing current conduction in both forward and reverse direc-
tions. As VG1S1 > VTH and VG2S2 < VTH (or VG1S1 < VTH and VG2S2

> VTH), the MBDS operates in the forward (or reverse) diode mode,
conducting forward current and sustaining reverse voltage (or con-
ducting reverse current and sustaining forward voltage). When VG1S1

< VTH and VG2S2< VTH, the MBDS operates in bidirectional blocking
mode and is capable of sustaining voltage in both directions. The cur-
rent–voltage characteristics of the MBDS are measured using a semi-
conductor analyzer with three source-measure units and a ground unit
as illustrated in Fig. 3(a). During the measurement of the bidirectional
conducting mode, S1 is grounded, while S2 is swept with G2 synchro-
nized to maintain VG1S1¼VG2S2. Figure 3(b) shows the bidirectional
output characteristics of the MBDS, where VG1S1 and VG2S2 are swept
simultaneously from �4 to 2V with a step of 1V. The Isat is
�380mA/mm in both directions when both gates are biased at 2V,
and the forward (reverse) RON is �14 X �mm (�18 X �mm), respec-
tively. The slight RON asymmetry is attributed to immature fabrication

TABLE I. Four operating modes of the MBDS.

Mode VG1S1 VG2S2 Schematic

Bidirectional conducting >VTH >VTH

Forward diode >VTH <VTH

Reverse diode <VTH >VTH

Bidirectional blocking <VTH <VTH
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processes such as misalignment and over-development during photoli-
thography, which can be mitigated by the precise alignment and opti-
mizing reaction time during development. Figure 3(c) shows a
symmetrical VON of �0.33V (�0.33V) in the forward (reverse) direc-
tion, consistent with the RB-HEMT in Fig. 2(d). Figure 3(d) presents
the output characteristics operating in the forward diode mode, where
VG2S2 is biased at �10V, and the VG1S1 is swept from �4 to 2V. A
similar result is observed when VG1S1 is biased at �10V and VG2S2

is swept from �4 to 2V, as shown in Fig. 3(e). Compared with
Figs. 3(b), 3(d), and 3(e), the forward diode mode and reverse diode
mode show no significant degradation in RON and VON during con-
duction. In contrast, the dual gate MBDS shows the higher RON and
VON in the forward diode mode compared with the bidirectional con-
ducting mode.6 In the dual gate MBDS, bidirectional conduction
occurs through a shared path. In the forward diode mode, turning off
one gate forces the electrons to traverse a reverse-biased junction, thus

FIG. 3. (a) Schematic of MBDS experiment setup, (b) output characteristics of the bidirectional conducting mode, (c) log-scaled output characteristics of the bidirectional con-
ducting mode. (d), (e) output characteristics in the forward and reverse diode mode, and (f) bidirectional breakdown voltages.
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requiring a high VS1S2 to overcome the barrier.11 Figure 3(f) shows the
bidirectional breakdown voltages of the MBDS. With VG1S1¼�10V
and VG2S2 floating, a forward breakdown voltage of �425V is
achieved when IS1S2 reaches 10 mA/mm. Conversely, with VG2S2

¼�10V and VG1S1 floating, the reverse breakdown voltage reaches
�416V. The specific RON (RON,SP) is �1.18 (1.51) mX � cm2, and
Baliga’s figure of merit (FOM) is �153 (115) MW/cm2 calculated by
BV2/RON,SP in the forward (reverse) direction, respectively, where BV
is the breakdown voltage. Table II summarizes the key metrics of the
fabricated MBDS in comparison with previously reported MBDS
structures. A diode bridge MBDS with a high breakdown voltage
(�1115V, LGD¼ 22mm) was reported; however, a high VON of
�1.13V and a low Isat of �140mA/mm were observed.9 Similarly, a
dual gate MBDS achieved zero VON in the bidirectional conducting
mode; however, a large VON of�3V was observed in the diode model,
along with a low Isat of �130mA/mm.11 Additionally, an MBDS con-
sisting of two antiparallel connected RB-HEMTs with fully recessed
Schottky drains was reported.16 It showed a VON of �0.63V, an
RON,SP of �6.6mX � cm2, an Isat of �225mA/mm, and an FOM of
66.8MW/cm2. In contrast, the MBDS in this work is fabricated using a
low-damage NBE process, which effectively eliminates plasma-
induced surface degradation and results in significantly improved
device performance, showing a low VON of �0.33V, a low RON,SP of
�1.18 mX � cm2, a high FOM of �153MW/cm2, and a high Isat of
�380mA/mm.

The AC chopper circuit, in which the output voltage is modulated
by varying the duty cycle of the gate driving signal, is demonstrated
using the fabricated MBDS.25 Figure 4(a) shows that a 20Hz sinusoidal
AC signal with a peak amplitude of 10V is applied to the circuit, while
the gate is driven by a 1 kHz square wave with a voltage swing from
�5 to 0V. The duty cycle of the square wave varies from 10% to 90%
to evaluate its effect on the output waveform. A typical output wave-
form obtained at a 50% duty cycle is shown in Fig. 4(b). Although a
slight amplitude distortion is observed, the output waveform remains a
sinusoidal shape. Figure 4(c) illustrates the frequency spectrum of the
output waveform with varying duty cycles. The spectrum exhibits a
dominant second harmonic component, while higher-order harmonics
are substantially suppressed. Additionally, as the duty cycle increases,
the amplitude of the fundamental component (20Hz) decreases signif-
icantly, indicating that the output voltage can be effectively modulated
through pulse width control. The total harmonic distortion is demon-
strated by

Total harmonic distortion ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
2 þ V2

3 þ V2
4 þ V2

5

p

V1
� 100%; (1)

where VN is the amplitude of the Nth content. As shown in Fig. 4(d),
the total harmonic distortion increases from 50.2% to 59.7% with the
increasing duty cycle. These results underscore the importance of duty
cycle optimization in chopper circuits for improving waveform quality
and conversion efficiency. Additionally, the turn-off performance of

TABLE II. Comparison of state-of-the-art GaN-based MBDS devices. The bold values in Table II denote the results from our work and are emphasized for clear comparison.

Configuration VON (V)a RON,SP (mX�cm2) BV/LGD (V/lm) Isat (mA/mm)

0.33/0.33 1.18 425/4.4 @10 mA/mm 380

0.63/0.63 6.6b 664/15 @1mA/mm 225

1.13/1.13 � � � 1115/22 @1mA/mm 140

0/1.6 5.6 3300/19 @1 mA/mm 250b

0/3 3.3b 650/22 @1 nA/mm 130b

aThe VON is extracted in the bidirectional conducting mode/forward diode mode.
bEstimated from the figures.
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the MBDS and the conventional HEMT are evaluated under identical
experimental conditions. In Fig. 4(e), one gate of the MBDS is driven
by a 1 kHz, �5V to 0V square wave with a 50% duty cycle, whereas
the other gate is floating. Figure 4(f) shows that the MBDS achieves an
average switching power loss density of �3.37 mW/mm (switching
energy loss of �6.13 mJ/cm2), compared with �3.80 mW/mm of
the HEMT. Compared with vertical SiC MBDS, the proposed GaN
MBDS exhibits a lower switching energy loss of�6.13 mJ/cm2, in con-
trast to �12 mJ/cm2 of the SiC MBDS.26 Compared with vertical

insulated-gate bipolar transistor (IGBT) MBDS,27 the GaN MBDS in
this work shows a higher switching energy loss of �6.13 mJ/cm2 rela-
tive to �1.7 mJ/cm2 of the IGBT MBDS. Nevertheless, the RON,SP of
IGBT MBDS (�140 mX � cm2) is over two orders of magnitude larger
than that of the GaNMBDS (�1.18 mX � cm2), underscoring the supe-
rior conduction performance of GaNMBDS in this work.

In this study, a low-loss GaN-based MBDS was experimentally
demonstrated by antiparallel connecting two RB-HEMTs. Each RB-
HEMT employed a recessed Schottky drain by the low-damage neutral

FIG. 4. (a) Test circuit schematic of the AC chopper, (b) AC chopper output waveform with 50% duty cycle, (c) spectrum decomposition of output waveforms under different
duty cycles, (d) total harmonic distortion variation with duty cycles, and (f) average power loss density comparison between the MBDS and HEMT.
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beam etching (NBE) process, achieving a low VON of �0.33V and an
ILEAK of �300 nA/mm. Additionally, the MBDS exhibited excellent
static performance with a low RON,SP of �1.18 mX � cm2, a high Isat of
�380mA/mm, a breakdown voltage of �425V, and a high Baliga’s
FOM of �153MW/cm2. It also showed a highly efficient pulse width
modulation as an AC power chopper and lower switching loss than
conventional GaN HEMT under identical conditions. These results
highlight the potential of the MBDS for high-efficiency power conver-
sion applications.
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