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In this paper, for the first time, a dual-gate 1.2 kV hybrid power switch (HPS) configuration based on the
heterogeneous integration of polarization superjunction (PSJ) GaN HEMTs, Si IGBTs, and SiC diodes
is presented and analyzed. The HPS is designed to combine the advantages of unipolar and bipolar
devices of different semiconductor materials to overcome the limitations of each of the technologies to
achieve fast switching capability while maintaining low resistance and high current performance. The
results show substantial power loss improvements compared to equivalent individual solutions, paving
the way for such an approach to be viable for next generation power electronics.

1 Introduction

Gallium nitride (GaN) high electron mobility tran-
sistors (HEMTs) have gained significant attention
in recent years due to their inherently superior ma-
terial properties, which facilitate the fabrication of
high voltage devices with low on-resistance capa-
ble of operating at high frequencies. As power
electronic systems move toward high power den-
sity, these attributes are indispensable. One of the
key advancements toward this is the realization of
the polarization based super junction concept via
GaN/AlGaN/GaN double heterostructures, which
relies on the charge balance principle to attain per-
formance beyond the one-dimensional material
limit of Si and 4H-SiC [1-4]. The PSJ concept facil-
itates the construction of low and high voltage di-
odes and transistors with blocking voltage of 10 kV
[2]. Unlike conventional GaN HEMTs, PSJ devices
do not employ field plates and therefore can be
fabricated in a more cost-effective and reliable
manner [4]. Detailed physics of operation and
characteristics of PSJ GaN HEMTs are reported in
[2].

The current handling capability of GaN HEMTs can
be further enhanced by either increasing their area
or by heterogeneous integration with IGBTs in the
form of hybrid power switches. The multi-device
approach combining bipolar and unipolar technol-
ogies was originally designed for improving the
performance of bipolar transistors [5]. Recent
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studies on HPS involve parallel combinations of Si
IGBTs and SiC FETs [6-9]. Studies have revealed
that by employing an intelligent control strategy for
HPS, the constituent IGBT can achieve zero volt-
age switching, resulting in lower switching losses
[10]. More recently, a 650 V HPS replacing SiC
FET with GaN FET was demonstrated to have su-
perior performance and lower losses [11]. HPS
can selectively operate in the unipolar or bipolar
mode of operation depending on the load current.
This unique attribute enables low-loss conduction
over a wide range of operating conditions. As a re-
sult, HPS are ideal candidates for applications
where the power demand fluctuates, and optimal
efficiency is needed under all conditions such as
motor drives. In this paper, a HPS utilizing a 1.2 kV
PSJ GaN HEMT, Si IGBT, and SiC Schottky diode
is presented and experimentally analyzed.

2 Polarization Superjunction GaN
in HPS

The HPS considered herein integrates a large
area PSJ GaN HEMT, a Si IGBT [12], and a SiC
Schottky diode [13] as shown in Fig. 1. All the con-
stituents are rated for 1.2 kV with similar power rat-
ings. The SiC diode and the IGBT are housed in
TO-247 packaging. The device is configured in
dual-gate mode, which allows each gate to be con-
trolled separately to achieve optimal performance.
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Fig. 1 Photograph of a packaged PSJ GaN HEMT
mounted on direct bond copper (DBC) substrate (left)
and the diagram of the dual gate configuration of the
HPS (right). Gate, drain, and source are marked as G,
D, and S, respectively.

Compared to conventional GaN technologies, PSJ
technologies offer several advantages, which
make them a superior choice from a performance
and cost viewpoint. Because of the inherent
charge balance that is created due to the simulta-
neous coexistence of both positive and negative
polarization charges at their respective hetero-
interface, a uniform distribution of electric field is
achieved that enables the device to withstand high
voltages for minimal drift region lengths. This ap-
proach eliminates the requirement of field plates
which are often used to distribute electric field in
conventional GaN HEMTs across the device,
thereby reducing manufacturing steps and costs.
PSJ devices can be directly scaled from low to
high voltages by varying the drift region length
when made on an insulating substrate. A cross
sectional view of a typical PSJ GaN HEMT is given
in Fig. 2.

Under on-state conditions, the current can flow in
either polarity through the high-density two-dimen-
sional electron gas (2DEG) channel which is simi-
lar to conventional HEMTs. When a negative bias
larger than the gate threshold voltage is applied,
the positive and negative charges in two-dimen-
sional hole gas (2DHG) and 2DEG deplete via the
corresponding terminals and the device enters its
off-state blocking mode.

Depletion GaN

Buffer
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Fig. 2 Cross-sectional view of PSJ GaN HEMTs
demonstrating on-state and off-state modes of opera-
tion.
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3 Experimental Setup

To determine the performance of the hybrid power
switch, a range of experimental measurements
were performed. The |-V characteristics were
measured using a curve tracer under different con-
ditions. These measurements were performed in
pulse mode to minimize the self-heating effect.
The dynamic switching characteristics were as-
sessed using a clamped inductive switching test
as demonstrated in Fig. 3.

The setup employs a 444 pH inductor as the load
and a SiC Schottky freewheeling diode is placed
in parallel with it. Two independent isolated gate
drivers are used to provide the required gate bias
for the GaN HEMT and the IGBT. In this case, be-
cause of the normally-on nature of the GaN HEMT,
a negative gate voltage larger than the threshold
voltage (-4.7 V) is necessary to keep the device in
the off-state. For this reason, the GaN HEMT is
supplied with +2 V and -15 V for turn-on and turn-
off, respectively. Meanwhile, the gate drive voltage
for the IGBT is set to +15 V for turn-on and -15V
for turn-off. The HPS is configured as a dual gate
device where each gate can be driven inde-
pendently. The dual gate approach delivers supe-
rior performance by enabling the manipulation of
the switching sequence of the internal compo-
nents. This can be achieved by imposing a delay
in such a way that the GaN HEMT is turned on
prior to the IGBT and turned off after it. This ena-
bles the GaN HEMT to control the switching tran-
sitions, thereby allowing high speed switching to
minimize the losses. During the delay period, the
load current is diverted through the GaN HEMT
while the IGBT is turned off under a zero-voltage
switching (ZVS) condition. The length of the delay
depends on the specific design and device selec-
tion and should be kept small to minimize the im-
pact of additional stress on the HEMT during the
delay period. In this case, a 500 ns delay was im-
posed on the GaN HEMT during turn-off based on
the characteristics and switching time of the con-
stituents.
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Fig. 3 Experimental setup and typical switching
waveforms.
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4 Results and Significance

4.1 On-State Characteristics

The output |-V characteristics of the HPS at differ-
ent temperatures are shown in Fig. 4 and are com-
pared to its constituents.

One of the key benefits of the hybrid approach is
its unique dual mode operation where the device
can operate in unipolar or bipolar mode depending
on load conditions. Under light load conditions,
due to the lower voltage drop across the device,
the current is handled by the GaN HEMT as the
voltage is not sufficient to overcome the bipolar on-
set voltage of the IGBT (~0.7 V at room tempera-
ture). Once the voltage drop across the device ex-
ceeds the bipolar on-set voltage, the device enters
bipolar mode where the excess current is diverted
through the IGBT. The change in the slope of the
I-V curves indicates the activation of the bipolar
mode due to the IGBT conduction. The current
level at which the device enters bipolar mode
changes dynamically based on the operating tem-
perature. This is due to the temperature-depend-
ent nature of the bipolar on-set voltage and on-re-
sistance. As temperature increases, the boundary
between unipolar and bipolar mode decreases al-
lowing additional current to be diverted through the
IGBT at lower drain/anode voltages. This results in
a mild positive temperature coefficient which can
be seen in Fig. 5 similar to that of a bipolar device.
This property allows the device to maintain and de-
liver low conduction losses even at high tempera-
tures.
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Fig. 4 Measured output |-V characteristics of the
HPS and its constituents. The pulse width is 250 ps.
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Fig. 5 Measured on-state voltage drop of the HPS

at different load currents and temperatures.

4.2 Diode Characteristics

Reverse conduction is an important parameter in
many applications. While GaN HEMTs have the
ability to conduct through their channel, IGBTs re-
quire an external diode. Therefore, to maintain
similar forward and reverse current handling capa-
bility, additional diodes are required in the HPS. In
the proposed HPS, depending on the applied gate
voltage, there are multiple paths for reverse con-
duction which are demonstrated in Fig. 6.
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Fig. 6 Measured reverse (diode-mode) I-V charac-
teristics of the HPS and its internal components. The
pulse width is 250 ps.
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