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Abstract—Bidirectional switches (BiSs) own excellent charac-
teristics, allowing bidirectional current flow during conduction
period and withstanding bidirectional voltage when turned OFF.
However, traditional BiSs are typically implemented by the asso-
ciation of unidirectional discrete devices, such as the series and
antiparallel connection of two active devices and two diodes, which
exhibit relatively large device size and conduction losses due to
the ON-state voltage offset. With the popularity of wide band-gap
(WBG) semiconductor materials such as SiC and GaN, there is an
urgent need to design BiSs with lower on-state voltage drop, smaller
conduction losses, smaller device size, and consequently higher
power density. Therefore, by integrating several power transistors
into a single chip, monolithic bidirectional switches (MBSs) based
on WBG semiconductor materials can achieve this goal very well,
exhibiting high-frequency and fast switching while reducing para-
sitic inductance and conduction resistance. This article provides a
comprehensive review of MBSs from the perspectives of materials,
physical structures, characteristics, and applications for the first
time, which is helpful for the in-depth optimization and future
large-scale promotion of MBSs.

Index Terms—GaN, matrix converter, monolithic bidirectional
switch, review, SiC.

I. INTRODUCTION

THE rapid development of technologies such as electric
vehicles, sustainable energy, smart grids, and zero carbon

buildings has increasingly raised the demand for power elec-
tronic topologies and semiconductor devices. Power electronic
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Fig. 1. Schematic diagram of BiSs: (a) Working quadrants. (b) Electrical
symbol.

topologies such as matrix converters [1], current source convert-
ers [2], and multilevel T-type inverters [3] have become very
popular and been widely applied in industry. This places high
demands on power semiconductor devices with bidirectional
current flow capability in the ON state and bidirectional voltage
blocking capability in the OFF state. For instance, matrix con-
verters have been widely regarded as the most efficient topology
due to the direct ac–ac single-stage power conversion, where
bidirectional switches (BiSs) are commonly regarded the most
critical components in matrix converters [1].

BiSs are also referred to as bilateral switches, ac switches, or
four-quadrant switches in some literature [4]. Since their official
introduction in 1998, BiSs have received widespread attention
due to their unique characteristics such as bidirectional current
flow capability in conducting state and bidirectional withstand
voltage capability in the OFF state. As shown in Fig. 1(a), BiSs
can operate in the OFF state, which is the second and fourth
quadrant, to block the voltage between the two polarities. It can
also operate in the ON state, which is the first and third quadrants,
to conduct the current in any direction based on the actual control
signal. BiSs usually have one or two gates, denoted by G, and
two power ports,P1 andP2, embedded in the main power circuit.
The electrical symbol of BiSs is shown in Fig. 1(b).

Although BiSs are the critical components that make up topol-
ogy such as matrix converters and multilevel T-type inverters,
there are still very few commercially available BiSs in the power
electronics market. So far, the function of BiSs is usually realized
by three methods: 1) unidirectional discrete device combination
(UDDC) method; 2) voltage-controlled-devices based mono-
lithic integration (VCD-MI) method; and 3) current-controlled-
devices based monolithic integration (CCD-MI) method.
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Early BiSs typically adopt the UDDC method due to lim-
itations in chip manufacturing technology and material per-
formance [5]. With the association of unidirectional discrete
devices, such as the series and anti-parallel connection of
two active devices and two diodes, UDDC-based BiSs exhibit
relatively large device size and conduction losses due to the
ON-state voltage offset. For instance, as a feasible method to
achieve BiSs functionality, the reverse series connection of
two field-effect transformers (FETs) will increase the total on-
resistance by two times compared to a single device. Therefore,
two branches with internal devices connected in reverse series
are usually arranged in parallel to reduce the total conduction
resistance, exhibiting the factor-of-four penalty in terms of the
chip area usage. The limitation of UDDC-based BiSs, such as
large device size and conduction losses due to the ON-state
voltage offset, has become one of the main obstacles in exploring
the full potential of advanced topologies such as matrix convert-
ers and T-type inverters, demanding high power integration to
achieve high-frequency fast switching while reducing parasitic
inductance and conduction resistance.

By integrating several power transistors into a single chip,
monolithic bidirectional switches (MBSs) are capable of provid-
ing smaller chip size, lower conduction resistance, and higher
switching frequency compared with UDDC-based BiSs. There-
fore, highly integrated MBSs have gradually entered people’s
vision in recent years, including both VCD-MI based MBSs [6],
[7], [8] and CCD-MI based MBSs [9], [10], [11].

Regarding VCD-MI based MBSs, [6] discussed a vertical
bidirectional MOS-thyristor device with a new triggering mode.
In [7], the fabrication process of MBSs with MOS-controlled
emitter structures was presented. The designed MBSs with a real
punch-through structure was capable of achieving high blocking
voltage and low conduction losses, which are close to the limit of
silicon material. In [8], a bidirectional IGBT was designed using
the double side photo-lithography technique. However, the de-
signed bidirectional IGBT exhibited an asymmetrical electrical
characteristic in terms of the I-V curve in the forward and reverse
conducting states. Regarding CCD-MI based MBSs, [9] and [10]
discussed monolithic current bidirectional bipolar transistors,
which exhibits relative complicated control circuit and realiza-
tion procedure. In [11], an improved scheme called Bipolar
AC (Bipac) was proposed to reduce the fabrication cost and
simplify the control circuit design. However, this design was
dedicated to specific mains applications with low load current.
Furthermore, all these prior studies for MBSs originate from the
integrated process of silicon materials, so device characteristics
are significantly limited by the inherent properties of silicon
material.

With the popularity of wide band-gap (WBG) semiconductor
materials such as SiC and GaN, there is an urgent need to
design MBSs with lower ON-state voltage drop, smaller con-
duction losses, smaller device size, and consequently higher
power density. Therefore, MBSs based on WBG semiconductor
materials can achieve this goal very well, exhibiting higher
switching frequency while reducing parasitic inductance and
conduction resistance [9], [12]. For instance, monolithically
integrated bidirectional GaN high-electron-mobility transistors
(HEMTs) can reduce the ON-resistance (Ron) by up to 50%

Fig. 2. Comparison of three semiconductor materials for MBSs.

compared to discrete bidirectional switches through a common
drift region design for blocking both voltage polarities [12], [13].

Before designing power converters with MBSs, it is natu-
ral and necessary to understand the main characteristics and
challenges brought by these devices and their power integrated
techniques, especially the emerging WBG devices. Although
several review and survey articles have been published on
characteristics and applications of WBG devices, including
commercial GaN power devices, gate driver design, loss dis-
tribution, reliability, pulse test techniques, power integration
and typical applications, there is a lack of a comprehensive
review of WBG-based MBSs. In order to fill this gap, this
article provides a comprehensive comparison of various MBSs
from the perspectives of materials, physical structure, charac-
teristics, and applications for the first time, which is helpful
for the in-depth optimization and future large-scale promotion
of MBSs.

II. SEMICONDUCTOR MATERIALS FOR MBSS

WBG devices are becoming increasingly popular due to their
superior performance. Among various WBG materials, SiC and
GaN devices exhibit excellent material properties, particularly
high blocking voltage capability, high-temperature operation
capability, and high switching frequency. Fig. 2 shows the
comparison among SiC, GaN, and Si in terms of key material
properties [14]. Among them, the energy gap and electric field
can demonstrate the potential of materials under harsh working
conditions such as high voltage. The dielectric constant, elec-
tric mobility, and electric velocity can demonstrate the high-
frequency performance of materials. The melting point, thermal
conductivity, and elastic modulus can demonstrate the working
performance of materials in harsh environments such as high
temperatures.

Due to the high critical field of WBG material shown in Fig. 2,
the drift region of WBG power switches is usually narrower
than that of Si power switches with the same rated voltage.
That is to say, under the same breakdown voltage requirements,
the chip size of switching devices made of WBG material is
smaller than that of Si devices, and the conduction resistance
in the drift region is smaller [12]. Power semiconductor devices
made of WBG materials can achieve lower power losses and
higher switching frequencies. However, the fast switching action
and high-frequency operation of WBG devices have brought
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new challenges to device applications and safe and reliable
operation, with electromagnetic interference being one of the
main challenges [15].

The production cost of MBSs based on silicon materials is
low, and their manufacturing process is relatively mature. The
combination and sharing of partial structures based on exist-
ing silicon power devices can easily design MBSs. However,
due to the inherent properties of the material, MBSs based
on silicon material do not exhibit excellent performance under
high-voltage and high-frequency conditions. Compared with
MBSs based on WBG materials, it prefers silicon-based MBSs
with a rated voltage below 600 V because the price is relatively
low and the conduction loss is comparable.

The excellent material characteristics of SiC enabled SiC de-
vices to have lower switching losses and better switching perfor-
mance. Moreover, good thermal conductivity of SiC also allows
SiC devices to operate with high current ratings [16]. However,
due to relatively complicated production process for SiC power
devices, only SiC FET and SiC diodes have become common
commercial devices. Regarding SiC-based MBSs, actually, the
production process can also be divided into four stages: Substrate
preparation, epitaxial layer growth, wafer manufacturing, and
packaging, which is similar to that of Si-based MBSs. However,
the production process of SiC-based MBSs is more complex,
such as the density of microtubule defects in silicon carbide
wafers, low efficiency of epitaxial process, special requirements
for doping process, and temperature resistance of supporting
materials [17]. The difficulty level of expanding SiC crystal
growth is also high. As the crystal size increases, the difficulty
level of growth process increases geometrically. Therefore, the
reasonable and effective sharing of partial structures is an impor-
tant research content of SiC-based MBSs. Due to the channel
formation on the crystal surface of SiC FET structure, which
leads to low channel mobility, it is difficult to further reduce the
conduction resistance of devices based on this structure.

Compared with SiC and Si devices, the material character-
istics of GaN power switches give them relative advantages in
reducing turn-ON resistance and turn-OFF time [16]. GaN-MBSs
based on HEMT structure are the most widely studied MBSs
in published articles. Due to the relatively immature issue of
substrate single crystals and the lack of commercially available
high-quality independent GaN substrates, the heteroepitaxial
defect density of GaN MBSs becomes a key consideration.
Compared with other substrates, GaN-based thin films grown
on Si substrates are currently the most commonly used method
for producing GaN MBSs [14]. Due to the difficulty in obtaining
good metal semiconductor Ohmic contact through high doping
of GaN materials, the external connection points of GaN MBSs
are one of the key issues that need to be studied [18]. Considering
that it is difficult to obtain high-quality and large-sized GaN
seed crystals, reducing chip volume through shared structures
becomes an important research topic for GaN MBSs.

III. POWER INTEGRATION FOR MBSS

Traditional BiSs require the combination of several
discrete components and semiconductor switches. Although this
combination method is inexpensive and easy to implement, the

Fig. 3. Literature distribution statistics on materials, power integration
schemes, substrates, and circuit structures of MBSs in previous studies.

resulting long current-flow path increases the overall impedance
and parasitic parameters. Moreover, the series of two or more
power devices will also increase the total ON-resistance. These
drawbacks will lead to the deterioration of the stability and
efficiency of the whole electrical system. Therefore, overcoming
the shortcomings of discrete devices is an inevitable problem in
the application of BiSs. Although the traditional design through
printed circuit boards is still a feasible solution, due to the
obvious limitations of this approach, more advanced mono-
lithic integration solutions need to be sought [13]. There are
currently two main monolithic integration solutions for bidirec-
tional switches. The first method is to integrate multiple power
semiconductors into a module one by one through electrical
connections, called UDDC. The second method is to integrate
semiconductor components such as switches or diodes into a
single chip by sharing and combining partial structures, known
as VCD-MI and CCD-MI [8][19].

For UDDC, the layout and heat dissipation of semiconductor
power devices are important issues that this monolithic inte-
gration method needs to face [20]. Many explorations have
been made in various integration methods based on shared
part emitters for monolithic bidirectional switches, especially
VCD-MI. Due to the fact that two transistors share a portion
of the active area, using the dual gate configuration switch
can effectively reduce the total chip area. However, dual gate
configuration requires two reference points and two gate drive
signals to control the MBSs. To simplify the gate driver of
MBSs, diode-embedded (DE) configuration of MBSs [21] and
common-source (CS) configuration-based single reference bidi-
rectional switches [22] can use only one gate driver. However,
these two structures also have significant drawbacks: one is the
increase of the voltage drop and ON-state resistance caused by
the increase of diodes, and the other drawback is the need to
introduce a voltage reference point inside the MBSs. Besides,
due to the significant impact of the applied substrate potential
and substrate termination method on the transient switching
characteristics of WBG switches, it is necessary to select a
suitable substrate for the integration implementation.

The Sankey diagram shown in Fig. 3 shows the proportion of
structures used for bidirectional switches of different materials.
CCD-MI based on thyristor structure was studied in the early
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stages, although this power integration technique for MBSs is
not the mainstream. Currently, the most popular power inte-
gration technique for MBSs is the VCD-MI technique, and the
vast majority of them use tailored substrates made of non-GaN
materials.

IV. CHARACTERISTIC ANALYSIS FOR MBSS

In addition to semiconductor materials and power integra-
tion methods, the transistor process implementation and design
parameters of MBSs directly affect the electrical performance
of MBSs. Therefore, this section mainly analyzes the main
electrical characteristics and determining factors of MBSs.

A. Process Implementation of MBSs

The current mainstream transistors include three types: FET,
bipolar junction transistor (BJT), and insulated gate bipolar
transistor (IGBT). All of them can be used to construct MBSs.
Although BJT-based MBSs have the advantage of low noise,
they have poor high-voltage resistance and are difficult to adapt
to high power application requirements, so they are rarely used
in practice.

FET-based MBSs have simple working principle and fast
switching speed, which are suitable for application in high-
frequency switching conditions. According to the characteristics
of GaN devices with FET, strain will be generated at the interface
between GaN and AlGaN materials, which can induce two-
dimensional electric gas (2DEG) at the interface and effectively
conduct electricity. This type of FET with heterojunction is
called HEMT. There is no difference in properties between
silicon-based FET and GaN based HEMT, and the electrical
parameters are only related to the material properties. There are
four process implementation methods that enable GaN-based
HEMTs. A method that depletes the 2DEG below the gate by
injecting fluorine atoms into the AlGaN barrier layer is called
gate injection transient (GIT) method. Due to the difficulty in
controlling the location and amount of atoms implantation, this
method is relatively complex to operate in practice and therefore
not the focus of current research. The second method is to deplete
the 2DEG under the gate by growing positively charged p-GaN
at the top of the AlGaN barrier. This method is relatively easy to
implement, making it very suitable for enhanced-mode MBSs
that are activated by positive gate voltage. The third method
is to thin the AlGaN barrier layer through etching, ultimately
eliminating the 2DEG under the gate. This method has lower
gate leakage current and process complexity, making it suitable
for depletion-mode MBSs. The precise control of etching depth
is the most difficult part to break through in this method, which
affects the realization of large-scale production. The last method
is to combine an enhanced FET and a depletion HEMT, which
is usually called cascode. This method can withstand high
voltages and is easy to implement, but it has high conduction
losses. Therefore, it does not represent the future trend for the
development of MBSs.

IGBT-based MBSs essentially adopt hybrid structure, based
on a combination of FET and bipolar transistors. They exhibit

good high-voltage blocking capability, but its switching fre-
quency and conduction impedance are not as good as FET-based
MBSs. Due to the complex PN junction growth required in
device process implementation, GaN-IGBT based MBSs cannot
easily achieve conductivity control without 2DEG, which limits
wider application.

B. Impact of Process Implementation Parameters on MBSs

In addition to the process flow, the process implementation
parameters of MBSs will also affect the electrical performance
of MBSs to different degrees. Similar as traditional power de-
vices, process parameters such as channel length, channel width,
Drain-Source spacing, and doping concentration will inevitably
have similar effects on the electrical parameters of MBSs. For
example, the shorter channel length of MBSs also makes the
switching speed faster, but it may also lead to higher leakage
current and more severe short-channel effects. Considering that
these impacts are quite common, we will not focus on them here.

MBSs have some unique process parameters. Among them,
the spacing between two gates of MBSs is a unique parameter
that needs to be considered in the design, which will affect the
breakdown voltage and saturation current of MBSs [23]. For
MBSs based on vertical device structures such as IGBT-based
MBSs, their gates are usually set at the center of both ends
of the device. The gate separation is fixed, which cannot be
regarded as a design parameter. For MBSs based on horizontal
device structures such as HEMT-based MBSs, it is necessary
to analyze the influence of gate separation distance. It is the
fact that the highest potential point of HEMT-based MBSs is
located below the gate, in the direction near the high voltage side.
Therefore, changing the gate spacing will inevitably change the
distance between the maximum potential points. Specifically,
for Schottky contact in MBSs, the positive voltage terminal is
located at the far end electrode, and the further the gate is from
the low voltage terminal, the higher the breakdown voltage.
Thus, the smaller the gate separation spacing, the higher the
breakdown voltage. On the contrary, for Ohmic contact in MBSs,
the positive voltage terminal is located at the proximal electrode,
and the closer the gate is to the low voltage terminal, the lower
the breakdown voltage. Thus, the smaller the gate separation
spacing, the lower the breakdown voltage. The gate voltage can
activate the carrier, so the closer the gate is to the center, i.e.,
the smaller the gate separation, the better performance of the
channel formed, and the electrons are easier to flow through the
channel to the electrode. At this point, the saturation current of
MBSs is larger. Therefore, the gate separation spacing should
be optimized according to the process implementation of MBSs
and their main electrical specifications such as the breakdown
voltage and saturation current.

V. PHYSICAL STRUCTURE FOR MBSS

At present, there are mainly four circuit structures for MBSs:
diode-embedded (DE) configuration, antiparallel (AP) configu-
ration, common-drain (CD) configuration, and CS configuration,
as shown in Fig. 4. First, as shown in Fig. 4(a), the equivalent
circuit of DE structure consists of four diodes and an active
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TABLE I
SUMMARY OF MAIN CHARACTERISTICS FOR MBSS BASED ON CD CONFIGURATION

Fig. 4. Four circuit structures for MBSs. (a) Diode-embedded configuration.
(b) Antiparallel configuration. (c) Common-drain configuration. (d) Common-
source configuration.

switch. By controlling the ON/OFF of the active switch, the power
flow of MBSs can be effectively controlled. Moreover, when
MBSs are turned ON, the current flows through two diodes and
an active switch, resulting in higher turn-ON losses compared
to other structures. However, due to the fact that this structure
only has one active switch, it is relatively easy to fabricate
MBSs and can be easily controlled in practical use. The AP
structure is shown in Fig. 4(b). Its equivalent circuit consists of
two switches in reverse parallel. Due to the fact that this parallel
structure does not require a built-in diode, it can more easily
reduce the chip size. However, the low reverse-blocking voltage
may become a problem that this topology faces. As shown in
Fig. 4(c) and (d), CD and CS configurations are similar and
completely symmetrical. The equivalent circuit of the CD and
CS structures includes two active switches connected in reverse
series and sharing the drain or source. However, the average turn-
ON loss of the CD configuration and the average turn-OFF loss
of the CS configuration may become slightly higher compared
with other structures [24]. For the comparison of CD and CS
configurations, CS-based MBSs require an additional reference
voltage to achieve the normal switching operation, which will
add the design complexity. Therefore, CD configuration has
become more popular for the design and optimization of MBSs.

Fig. 5. Schematic illustration of CD-based inchoate MBSs. (a) Longitudinal
structure. (b) Lateral structure.

Fig. 6. Schematic illustration of CD-based MBSs with double-gate structure.

Fig. 7. Schematic illustration of CD-based MBSs with two 2DEG tunnel
junctions structure.

A. CD-based MBSs

Table I summarizes the main characteristics for MBSs based
on the CD configuration. Typically, there are three categories
of schemes for CD-based MBSs, as illustrated in Figs. 5(a), 6,
and 7, respectively. Fig. 5(a) shows the first category of schemes
for CD-based MBSs. Specifically, a longitudinal silicon based
MBS structure was firstly proposed in 2000 [42] and [43]. The
upper and lower parts of the switch are completely symmetrical,
and the central region is composed of a piece of Si without doped
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atoms and recombination centers. To ensure a lower surface gen-
eration or recombination speed, each material surface is covered
with a high-quality oxide layer. The field electrodes FieldA and
FieldB are carried on this layer of oxide. In the top region, there
are highly doped n+ and p+ regions directly connected to the
contact electrodes CollectorA and CollectorB , respectively.
Finally, gate electrodes GateA and GateB are connected on the
sidewalls of the two protruding areas above and below. This
MBS has a simple structure and is easy to achieve bidirectional
conduction. Besides, it uses a MOS field-induced accumulation
layer as the emitter, thus, it is capable of operating normally
in higher temperature ranges and achieving transient control of
switches. Subsequently, a prototype of this bidirectional switch
was presented in [25] and [26]. However, due to its longitudinal
double-sided structure, this switch requires contact points to be
set in two spatial dimensions. Based on this, [7] and [27] changed
this longitudinal structure to the lateral structure, as shown in the
Fig. 5(b). The vast majority of subsequent MBSs also use this
structure and its variants. In [28], a new structure of MBSs was
presented, which also uses Si as the substrate with the aim to
achieve extremely low ON-state resistance.

Fig. 6 illustrates the second category of schemes for CD-
based MBSs, which was originated from the above mentioned
lateral structure and GIT structure [5]. The dashed line in the
figure represents 2DEG and will be represented in the same way
in subsequent figures. This structure can achieve bidirectional
reverse blocking without the need for additional diodes, which
can significantly reduce the ON-state voltage. The top two sides
of the structure are two Ohmic electrode terminals S1 and S2,
with two gate terminals G1 and G2 in the middle. There is a
p-GaN layer sandwiched between the i-AlGaN layer and two
gate terminals to ensure the normal shutdown of the switch. The
external input signal of G1 can control the opening and closing
of electron flow from S1 to S2, while the external input signal
of G2 can control the opening and closing of electron flow from
S2 to S1. [29] and [33]–[37] also adopts a similar structure. To
be specific, [33] exhibits a higher breakdown voltage, and [35]
has a lower switching delay with fairly small chip size, 94 mm2.
It should be noted that the overall ON-state resistance of MBSs
proposed by [36] is 450 mΩ. The authors in [30] and [31] also
used the GIT structure to form MBSs. The switch integrates an
isolated gate driver circuit internally, allowing it to achieve the
switching function at a very small chip size, but increasing the
chip area to 306 mm2.

Fig. 7 illustrates the third category of schemes for CD-based
MBSs, where a normally closed MBSs with two 2DEG tunnel
junctions at two interfaces S1 and S2, respectively [32]. Com-
pared to MBSs containing Ohmic contacts that must be manu-
factured at high temperatures, this category of MBSs does not
exhibit an obvious degeneration in ON-state losses. Moreover,
this structure exhibits extremely low switching delay and can
operate normally at extremely high switching frequencies.

Table II summarizes key research directions for MBSs based
on the CD configuration. It is noticed that only one SiC-based
MBS with the CD configuration was reported, which exhibits
extremely high withstanding voltage and extremely low ON-state
resistance.

TABLE II
KEY RESEARCH DIRECTIONS FOR CD-BASED MBSS

Fig. 8. Schematic illustration of CS-based MBSs.

B. CS-based MBSs

Table III summarizes main characteristics for MBSs based
on the CD configuration. Fig. 8 illustrates the typical structure
for CS-based MBSs [22], [44], and [45]. Because the driving
signal of CS-based MBSs is generally controlled by the voltage
difference between the source and the gate, which is different
from the CD-based MBSs, CS-based MBSs need to introduce an
additional port in the device to provide the source level voltage
reference required by the drive circuit. Compared to the structure
shown in Fig. 7, this structure is similar but adds an external
contact point “Ref” at the center of the chip to provide source
voltage for the driving circuit. In addition, this structure uses
Si3N4 to replace the commonly used p-type doped GaN. In
the literature, this structure is used to achieve two MBSs with
the maximum operating voltage of 250 V and 150 V, respec-
tively, and their total conduction resistances are 700 mΩ and
1100 mΩ, respectively. In [46], another GaN-based MBSs that
uses a similar structure was proposed, although it has a lower
operating voltage, it can operate normally at extremely high
switching frequencies.

Regarding SiC-MBSs based on the CS configuration, a
scheme through the physical connection of existing SiC-based
FETs and encapsulated in the chip was proposed [48]. The chip
introduces two FETs that share one source for the external use.
Considering the application of circuit breakers, the main design
focus of achieving high blocking voltage [47], [48]. Specifically,
the chip area should be increased to withstand a high voltage
and meet the heat dissipation requirement. At the same time,
this component also exhibits low ON-state resistance.

C. AP-based MBSs

The blue section in Table IV summarizes the main features of
MBSs based on the AP configuration. AP-based MBSs usually
consist of two switching structures connected in reverse parallel,
which can achieve unidirectional conduction and reverse block-
ing. The transverse section diagram of the AP-based MBSs and
the key longitudinal section diagram of one of the switching
structures are shown in Fig. 9. And the gate signal needs to use
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TABLE III
SUMMARY OF MAIN CHARACTERISTICS FOR MBSS BASED ON CS CONFIGURATION

TABLE IV
SUMMARY OF MAIN CHARACTERISTICS FOR MBSS BASED ON AP OR DE CONFIGURATION

Fig. 9. Schematic illustration of AP-based MBSs.

the voltage at both ends of the MBSs as a reference to achieve its
control [49]. An i-GaN layer and an i-AlGaN layer are arranged
above the substrate and buffer layer of silicon. A p-GaN layer is
sandwiched between the i-AlGaN layer and the gate to ensure
normal shutdown of the switch. The source is directly connected
to the i-AlGaN layer, and the drain with Schottky is connected
to the i-GaN layer. The advantage of this structure lies in its
lower ON-state voltage. Lei et al. [50] uses a longitudinal section
similar to Fig. 7, which shows better electrical performance
compared to [49].

Based on UDDC, [51] and [52] integrate components such
as capacitors, inductors, and power switches into the chip. They
have a similar research focus, which is to achieve extremely high
switching frequencies on smaller chips. Considering structural
limitations, this design is unable to withstand high voltage,
which limits their application scopes.

D. DE-based MBSs

DE-based MBSs have natural disadvantages, such as high
ON state resistance, complex electrical structure, and uncon-
trolled power flow direction. Although they have advantages
such as fast switching speed and easy control, they have been
only studied in limited fields. The yellow section in Table IV

Fig. 10. Schematic illustration of MBSs with DE configuration.

summarizes the main features of MBSs based on the DE
configuration.

Based on the DE configuration, [21] has proposed a MBSs
with a transverse section as shown in Fig. 10. Four Schottky and
three Ohmic are embedded in the chip. On the silicon substrate,
there are i-GaN layers and i-AlGaN layers, followed by the p-
GaN layer and oxide layer at the top. The two Ohmic connected
to S1 and S2, as well as the two Schottky bases in the middle,
are respectively connected to the p-GaN layer. The longitudinal
cross-sectional structure of the part connected to the gate on the
other side is similar to Fig. 7. Gate and Al2O3 pass through
the p-GaN layer and come into contact with the i-AlGaN layer.
This type of component can operate normally at relatively high
voltage levels, but its construction also leads to a high ON-state
resistance.

In UDDC DE-based MBSs, the comprehensive performance
of MBSs proposed in [20] is better than that of [53]. The MBSs
proposed in [20], which are applied to solid-state circuit breakers
(SSCBs), connect commercial IGBTs with resistors, capacitors,
and diodes to achieve ultrahigh voltage withstand at a lower
cost.
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Fig. 11. Applications of MBSs in Dual Active Bridge Converters. (a) Full-
bridge Version. (b) Half-bridge Version.

VI. TYPICAL APPLICATIONS FOR MBSS

In this section, typical applications of monolithic bidirectional
switches (MBSs) will be systematically summarized in order to
fully explore the advantages of MBSs, including small internal
parasitic parameters, reduced conduction resistance, and fast
switching frequency.

A. Dual Active Bridge Converter

Fig. 11 illustrates main applications of MBSs in dual active
bridge (DAB) converters, including both full-bridge-based DAB
converters and half-bridge-based DAB converters. Main appli-
cation of MBSs-based DAB converters covers both dc–dc and
dc–ac power conversions. In [54], an asymmetric DAB converter
with MBSs was introduced. As shown in Fig. 11(a), it has a set
of MBSs on the primary side of the transformer, and utilizes the
phase shift control with a constant switching frequency. This
MBSs-based DAB converter has the capability of reducing the
high cycle energy and high conduction loss, which are regarded
as key issues of existing symmetric topologies through the phase
shift control. Thus, it is suitable for the applications with the
requirement of high gain or current isolation. [55] also adopts
this MBSs-based DAB converters and compares two types of
control strategies, including the shot through duty cycle control
and reverse energy transfer duty cycle control. Different con-
trol strategies are provided for achieving soft switching while
requiring higher efficiency or smaller input ripple or higher
voltage gain. In [56], an ac–dc converter was proposed based
on Fig. 11(b), which can not only control the dc output voltage
or current, but also control the ac grid current through a single
conversion stage, helping to achieve higher power density with
lower complexity. The primary side voltage of a transformer is a
square wave voltage with an amplitude of |vi|/2 that varies over
time. The secondary voltage Vs of the transformer is composed
of positive and negative voltage pulses with an amplitude of Vo.
Ref. [57] reshapes the transformer leakage current iLσ

through
changing the control logic to achieve zero voltage switching.
For MBSs used on bridge circuit topologies, they typically
require high-frequency operation at high operating voltages,
so HEMT-MBSs based CS and CD configurations have more
advantages.

MBSs can also be utilized for the efficiency improvement
of DAB converters. It is well known that power semiconductor

Fig. 12. Efficiency improvement for DAB converters with MBSs connected
in series with the transformer winding.

Fig. 13. Efficiency improvement for DAB converters with MBSs in parallel
with the transformer winding.

devices typically exhibit switching losses due to hard switching
especially with the increase of the switching frequencies for
WBG devices. These losses can be reduced by adjusting control
strategies or adding auxiliary absorption circuits. In [58], a MBS
connected in series on the transformer winding constitutes the
current feed circuit shown in Fig. 12, and the energy return is
controlled by isolating the leakage inductance of the transformer
and the MBS, so as to realize the zero voltage switching of the
transistor at the voltage feeding side. Applying MBSs to such a
structure can greatly reduce the energy cycling, allowing only
the energy stored in the leakage inductance to return to the power
supply side.

The dc bias current and cyclic current limit conventional
DAB converters in asymmetric PWM control, causing greater
conduction losses. In order to achieve a tunable resonant circuit
for DAB converters, [59] introduced an improved LCL resonant
circuit with switch controlled inductance, as shown in Fig. 13.
This MBSs-based structure can generate a symmetrical resonant
current of zero dc offset current independent of duty cycle
changes, thereby reducing the conduction loss of the entire
system and extending its service life at the cost of slightly
increasing the prototype volume and control complexity.

MBSs used in these two situations are usually used in low
voltage, and low on resistance is particularly important for this
application scenario. Therefore, MBSs based on AP configu-
ration have a simple structure and low conduction impedance,
making them more suitable for use in this situation.

B. Solid-State Circuit Breaker

Compared to mechanical circuit breakers, SSCBs have advan-
tages such as no arcing, short response time, long service life,
high reliability, and low maintenance costs. In energy storage
systems, due to the bidirectional flow of energy, bidirectional
circuit breakers are highly demanded to adapt to the system, and
the design based on bidirectional switches is one of the important
branches of bidirectional circuit breaker design [60]. As shown
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Fig. 14. Applications of MBSs in Solid-state Circuit Breakers.

Fig. 15. Applications of MBSs in variable inductance and capacitance topol-
ogy. (a) Variable Inductance. (b) Variable Capacitance.

in Fig. 14, a circuit breaker based on a bidirectional switch
includes a solid-state switching branch and an energy absorption
branch. When the system is operating normally, the bidirectional
switch is in a conductive state. When a short circuit fault occurs
in the system, the bidirectional switch turns OFF, and the fault
energy is absorbed by the energy absorption branch [61]. There
are generally two key design focuses for MBSs-based SSCBs:
One of them is the ON-state resistance and power loss minimiza-
tion, the other is the switching frequency increase to prevent the
short-circuit fault current and surge voltage [62]. Researches
in [37], [47], [48] show that MBSs-based on WBG materials
can construct SSCBs with high power density due to compact
device structure, fast switching, and low ON-state resistance for
MBSs. MBSs used in SSCBs always maintain their ON-state
when the system is not faulty, and need to be able to withstand
large surge voltages in the event of system faults. Furthermore,
they usually do not have harsh volume requirements. Therefore,
under the premise of small ON-state impedance, the IGBT-based
UDDC structure MBSs with the best voltage resistance is the
most suitable.

C. Variable Capacitance or Inductance

Achieving the soft-switching operation for a complete range
of power and voltage is essential for power converters. However,
due to fixed capacitance or inductance in power converters, this
task becomes challenging. For instance, in [63], when the duty
cycle is below 0.5, the energy stored in L1 is insufficient to
discharge the current to zero in boost mode, or charge the voltage
toVP1 in boost mode, which will result in the inability to achieve
soft switching operation. At this point, auxiliary components, as
shown in Fig. 15(a), can be added to provide soft switching
conditions for the auxiliary switch at both the OFF and ON times.
For instance, in [64], a variable inductor that is composed of
a resonant inductor and a MBS was adopted in a traditional
bidirectional converter. The research shows that a wide range of
soft-switching operation can be achieved by exciting L2 in the

Fig. 16. Applications of MBSs in bidirectional choppers. (a) Bidirectional DC
choppers. (b) Bidirectional AC choppers.

auxiliary circuit with a voltage difference “VP 1−VP 2” before
turning ON the main switch.

Similarly, variable capacitors are highly required for power
factor correction and soft switching range expansion. Traditional
compensation networks with fixed compensation capacitance
values are incapable of maintaining high power factor and
system efficiency simultaneously when deviating from pre-set
coupling conditions. In some cases, the power factor can be
guaranteed, but the soft switching capability on the main bridge
cannot be maintained due to changes in output voltage caused by
different load power angles [65]. At this point, adding a variable
capacitor consisting of a fixed capacitor and a MBS, as shown in
Fig. 15(c), can change the effective resonant capacitance by con-
trolling the conduction angle of the switch. Specifically, the over-
all capacitance of the structure shown in Fig. 15(c) is adjustable
to compensate for the increase in inductance caused by poor
coupling conditions. For instance, in the case of poor coupling,
with the increase of the magnetization and leakage inductance,
the conduction angle of the MBS can be reduced to obtain high
capacitance. In the case of good coupling, the conduction angle
of the MBS will be increased to obtain low capacitance [66].
At this point, when the load environment changes, the power
factor of the system can be always maintained at a high level
within a certain range. Besides, a wide range of soft-switching
operation and minimum circulating current under a wide range
of the output voltage and current can be achieved due to the
introduction of MBSs. This structure, which requires very low
performance of bidirectional switches, is often found in circuits
as part of a small application. Therefore, MBSs based on the
CS and CD configurations whose chip size is smaller and the
DE configuration who is easy to control are suitable for these
applications.

D. Bidirectional AC Chopper

A bidirectional dc power conversion unit, also known as a
dc chopper, usually consists of an inductor and two switches,
as shown in Fig. 16(a). It can operate in both the boost mode
with the energy ac from LV to HV and the buck mode with the
energy flowing from HV to LV. Thus, a bidirectional ac power
conversion unit, also know as the ac chopper, needs to switch
between boost and buck modes at least four times during the
power source cycle, which complicated the control and increase
the power loss [67].

With the MBSs, the ac chopper and its variants in Fig. 16(b)
can be used in direct ac motor drive or un-interruptible power
supply systems. Due to the fact that this topology can completely
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Fig. 17. Applications of MBSs in AC matrix converters. (a) Direct matrix
converters. (b) Indirect matrix converters.

block the power transmission by turning OFF MBS2, it can be
used as a protection circuit to prevent fault propagation in the
event of a fault on one side. The replacement of MBSs enables
the topology to operate in four quadrants with small volume.
Furthermore, the phase angle between voltage and current can
exceed 90◦ to achieve flexible bidirectional power transmis-
sion [68]. This simple structure also requires less performance
parameters from MBSs. Therefore, CS and CD configurations
MBSs who is more suitable for miniaturized is better suited to
this application.

E. Matrix Converter

One of the most important applications of MBSs is the ma-
trix converter, which is considered the most effective ac–ac
conversion topology due to single-stage power conversion. It
exhibits an obvious advantage of reducing various operational
losses compared with traditional two-stage ac–dc–ac conver-
sion. Actually, there are two configurations for the ac–ac matrix
converters: One is the indirect matrix converter (IMC), as shown
in Fig. 17(a) [69]. It has a back-to-back configuration of a current
source rectifier and a voltage source inverter, without energy
storage capacitors in the voltage dc link, which is beneficial
for improving system life and power density. The other con-
figuration of the ac–ac matrix converter is the direct matrix
converter (DMC), as shown in Fig. 17(b). It can be regarded as an
integrated version of IMC, which requires fewer semiconductor
devices since the device number can be reduced from 12 to 9.
The most critical component among the different configurations
of matrix converters is the bidirectional switch, which alternates
between the ON and OFF states at a relatively high switching
frequency within a cycle to achieve direct ac–ac power conver-
sion [70]. More three-phase ac converters applying MBSs are
described in detail in [71] and [72], which will not be discussed in
this article. And there are the same performance requirements for
the applied MBSs. Compared with UDDC-based bidirectional
switches, MBSs based on WBG semiconductor materials exhibit
more advantages for the application in matrix converters since
they can will significantly reduce the ON-state resistance, min-
imize the parasitic inductance, improve the power density and
reliability. However, MBSs based on CCD-MI and VCD-MI
still need to improve the ability of reverse voltage resistance.
With the availability of MBSs, the matrix converter especially
DMC has become a highly attractive scheme for ac–ac power

conversion and variable-speed drives due to the minimal device
count.

VII. CONCLUSION

MBSs have excellent performance and broad application
prospects. Especially with the popularity of WBG semiconduc-
tor materials, MBSs based on SiC or GaN exhibit high-frequency
switching while reducing parasitic inductance and conduction
resistance. This article analyses main characteristics and chal-
lenges brought by MBSs and their power integrated techniques
especially for the emerging WBG devices. Besides, this article
provides a comprehensive comparison of various MBSs from
the perspectives of materials, physical structures, characteristics,
and applications.

In this article, three main power integration schemes for BiSs,
including UDDC, VCD-MI, and CCD-MI, have been system-
atically reviewed. The research shows that main design issues
of UDDC-based BiSs are the reduction of parasitic inductance
and heat dissipation, while the corresponding design challenges
for VCD-MI based BiSs and CCD-MI based BiSs are substrate
epitaxy, gate structure, process parameter selection, and process
consistency control.

In addition to three commonly-used semiconductor materials
for MBSs, the article also systematically discusses four physical
structures for MBSs: DE configuration, AP configuration, CD
configuration, and CS configuration. Among four structures,
the CD configuration is the most popular structure. The CD
configuration is more valuable than the CS configuration be-
cause it does not require additional voltage reference points
The AP configuration can also achieve normal operation at high
frequencies, but its structure makes it difficult to achieve high
reverse blocking voltage. The DE configuration can achieve
bidirectional conduction in a simple control method, but it
cannot control the direction of the power flow. Besides, it has
a large opening resistance. This characteristic makes it very
suitable for circuits that require quick opening or closing, such
as circuit breakers. Finally, this article provides an overview
of main applications for MBSs, including matrix converters,
dual-active-bridge converters, variable inductor or capacitor,
bidirectional ac chopper, and solid-state circuit breakers.

To the knowledge of authors, this article is the first article
for a comprehensive review of WBG-based MBSs compared
with prior review and survey articles on characteristics and
applications of WBG devices. The review of this article will
provide good design reference and guidance for the latest MBSs
especially especially for the emerging WBG devices. Besides,
this review article is expected to facilitate the MBS structure
design and in-depth optimization, which is essential for the
future large-scale promotion of MBSs.
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