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The surge current capability of power diodes is one of the essential parameters that needs to be considered for high power density operations in
power electronic applications. Gallium Nitride (GaN) is emerging as the next generation of power semiconductor devices due to its superior
material characteristics. This work presents the device working principle, characteristics, and the surge capability of 1200 V GaN polarisation
superjunction (PSJ) hybrid diodes. The experimental results show that the GaN PSJ diode can withstand a surge current of 60 A which is around 8
times its rated current and a surge energy of 5.4 J. Additionally, despite having a merged PiN and Schottky structure, no bipolar current flow due to
the activation of p-doped GaN can be observed until breakdown. This can also be confirmed through the device forward characteristic which shows
a unique saturation behaviour at about 76 A without any bipolar region. © 2023 The Author(s). Published on behalf of The Japan Society of

Applied Physics by IOP Publishing Ltd

1. Introduction

Gallium Nitride (GaN) is a promising choice for the next
generation of power semiconductor devices. The first GaN on
sapphire high electron mobility transistor (HEMT) was
introduced in 1993." Currently, majority of GaN devices
incorporate lateral configurations. Such structures, due to the
polarisation properties, benefit from high-density and high
mobility of electrons resulting in excellent on-state perfor-
mance such as low resistance. In recent years, GaN-based
devices have gained a significant popularity in lighting,
power and radio-frequency applications. GaN hybrid
Schottky PiN diodes, due to the wide bandgap of 3.45¢eV,
can achieve much higher breakdown voltages while offering
lower on-state resistances in comparison with conventional
silicon-based diodes.>™” Additionally, these devices can
operate at higher switching speeds enabling the use of smaller
magnetic components and operation at higher power
densities.” To go beyond the inherent 1D material limit
between the area-specific on-state resistance and breakdown
voltage, the concept of superjunction (SH*? or conductivity
modulation schemes are traditionally implemented for silicon
(Si) field effect transistors or bipolar devices respectively. In
a silicon device, superjunction is achieved by precisely
matching the doped charges of p-type and n-type
pillars.’~'? Similarly, one of the recent advancements in
ITII-N technologies is the achievement of polarisation based
superjunction (PSJ) via double hetero-interfaces (such as
GaN/AlGaN/GaN) to achieve an even distribution of electric
field in the drift region to strengthen the reverse blocking
capability for a given drift length.*'*~'” Despite works
highlighting the advantages of GaN PSJ heterostructure field
effect transistors and diodes,'g) and their basic working
principles,'" their surge capabilities have not been reported
previously. One of the key parameters of power diodes is
their surge current capability which is a requirement in cases
such as fault occurrences within a system or inrush current
during starting phase.'” The diode must withstand the excess

current over its rating over a short period of time and
consequently, it is regarded as a reliability factor.?*?"
Therefore, it is necessary to understand their behaviour
when subjected to high current stress. Many studies were
done to address the surge capability of power diodes in the
past decades focusing on silicon and silicon carbide (SiC)
devices.””>” Various reports show that the merged PiN
Schottky (MPS) structure improves the surge current cap-
ability in SiC devices while reducing the stress due to the
field at the Schottky interface resulting in higher blocking
voltage.”***% This paper presents the device characteristics
of 1.2kV GaN PSJ diodes fabricated on Sapphire substrate
and investigates the surge current capability and the max-
imum surge current and energy that the device can handle
before failure. Additionally, the effect of surge current on the
device is discussed and the device characteristics are mea-
sured and illustrated.

2. Device structure and characteristics

2.1. Structure and working mechanism

Conventionally, doping methods are used for controlling the
number of mobile carriers to control the material conduc-
tivity. However, GaN PSJ devices benefit from co-existence
of high-density two-dimensional hole gas (2DHG) and two-
dimensional electron gas (2DEG) formed at the respective
heterostructure interfaces, GaN/AlGaN/GaN, due to the
piezoelectric and polarisation effects. The device uses the
concept of polarisation charge balance to achieve a flat
distribution of electric field resulting in an enhanced blocking
voltage capability.” Figure 1(a) shows the top view of a
1.2kV GaN PSJ diode bare die. The number of fingers
connected to the anode and cathode terminals are 47 and 48
respectively with a length of 2.39 mm. The cross-sectional
view of the device is depicted in Fig. 1(b) highlighting the
device's physical dimensions and material parameters. The
2DEG and 2DHG under thermal equilibrium have a density
of 1.2E13 cm™ 2 and 6.12E12 cm ™ respectively. The p-GaN
is doped with Magnesium with a doping density of SE19
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Fig. 1. (Color online) (a) Top view of a 1.2kV GaN PSJ diode chip and
(b) the simplified cross-sectional view of the diode structure. The anode and
cathode are marked as “A” and “C” respectively.

cm and the Al concentration in the AlGaN layer is fixed at
27%.

The specific contact resistance of the p-GaN ohmic contact
(pC) is 3E-3 Qcm?. The drift region length (Lpgj) is 20 pm
which determines the device voltage blocking capability. The
device is capable of blocking 1.2kV with a typical break-
down voltage of ~2kV. In reverse blocking mode, the
polarisation charges in the 2DHG and 2DEG are removed
through the anode (A) and cathode (C) respectively.'® The
absence of polarisation charges results in an even distribution
of electric field enabling extremely high reverse voltage
blocking capability superior to conventional GaN HEMTs.'"
In forward conduction mode, once the voltage across the
device (Vc) exceeds the Schottky barrier potential of ~1V,
the current flows via the dense two-dimensional electron gas
from the anode to the cathode. Due to the high bipolar on-set
voltage of 3.4V of the anode junction at room temperature
and the very low resistance offered by the 2DEG beneath the
2DHG region, the PiN diode does not turn on under normal
conditions.

2.2. Forward characteristics

The forward characteristics of the GaN PSJ diode have been
measured at different temperatures as shown in Fig. 2. The
extended forward characteristics are shown in Fig. 3

014501-2
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Fig. 2. (Color online) Forward (I-V) characteristics of the GaN PSJ diode
at different temperatures. The pulse width is 250 us.
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Fig. 3. (Color online) Extended forward (I-V') characteristics of the GaN

PSJ diode at different temperatures. The pulse width is 250 ps. The GaN PSJ
diode reaches a saturation at 76 A at 25 °C.

highlighting the device's current saturation at about 76 A at
25 °C. The forward I-V characterisations are carried out in
pulse mode with 250 us pulse width and 160 ms pulse period
resulting in a duty cycle of 0.15625 %. The following
parameters are extracted from the forward characteristics;
The diode forward voltage Vg, and slope resistance Rgjope at
25 °C are 0.9V and 125 mQ respectively. The device has a
forward voltage Vg,q of 1.6 V at 5 A at 25 °C.

The device's forward voltage and the slope resistance
increase to 2.2V and 239 mQ respectively at 5 A at 175 °C.

Despite having a merged PiN and Schottky configuration,
the GaN PSJ diode behaves like a pure Schottky diode
without a bipolar mode of operation. This is entirely due to

the low resistance of the 2DEG beneath the 2DHG region,
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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ultra-short lifetime of holes and high bipolar on-set voltage.
Consequently, the diode shows saturation at a current of
about 76 A at room temperature. However, in extreme surge
current conditions, the bipolar mode can be triggered which
results in sudden injection of holes leading to device failure.
This condition will be discussed in Sect. 4 of this paper.
2.3. Junction capacitance characteristic

The device capacitance versus reverse voltage has been
measured at a frequency of 1 MHz as shown in Fig. 4. The
device capacitance is 34 pf at 1200 V.

Two humps can clearly be seen in the measured C-V
characteristic shown in Fig. 4, which are attributed to the
two-step depletion process due to the 2DEG and 2DHG.'® It
has been previously reported that while the PSJ diodes
exhibit a two-step depletion, conventional GaN diodes do
not have a second hump due to the lack of 2DHG.'® As
shown in Fig. 4, the depletion process happens under the
Schottky region of the anode ending at Vs ~3.3 V followed
by the second depletion under the ohmic region ending at
Vea ~5.5V.

2.4. Reverse recovery measurements

Conventional PiN diodes exhibit a reverse current flow
during the transition from the forward conduction to the
reverse blocking state. During this time, minority carriers are
swept out from the junction resulting in a reverse current flow
known as reverse recovery. But Schottky diodes, due to the
lack of minority carriers, show very little to effectively zero
reverse recovery current flow.3” However, due to the
capacitively stored charges due to the junction capacitance
of the diode, a small reverse recovery can be observed in the
switching waveform.

The typical reverse recovery waveform and the test circuit
are presented in Fig. 5. The shaded area which is the
integration of the current waveform during the reverse
recovery time (t,) represents the total recovered charges
(Q.) which can be calculated as follow:

14 1 I T T T T I T
12 - T N T
B (I s NSt St St S TSR A
[.T.4 | 1 1 1 1 1 I 1
S I I T A T
§ 1 1 1 1 1
g 6 f P
§* R
4 frome e R
2 e
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0 1 1 I 1
1 10
Reverse Voltage [V]
Fig. 4. (Color online) Capacitance versus reverse voltage (C-V') char-

acteristic of the GaN PSJ diode measured at 1 MHz.
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Fig. 5. (Color online) (a) Typical reverse recovery waveform and (b) test
circuit for reverse recovery measurement.
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fo
The integration is performed from 7, as soon as the diode
current passes zero until the current recovers back, #,. The
diode softness factor is determined by the ratio between the
reverse recovery current fall time (#,) and rise time (z,):

softness factor = ti. 2)

fa

When the softness factor is more than 1, the diode has a soft
recovery. Otherwise, the term “snappy” is used for softness
factors of less than 1. Using the circuit presented in Fig. 5(b)
the reverse recovery of the GaN PSJ diode was measured.
The current was increased in 1 A step by increasing the
voltage (Vy,s) from 50to 300V (50 V steps), and the results
were recorded as presented in Fig. 6.

The total reverse recovery charge (Q,) is 45nC at the
current (fjp,q) of 6 A with a peak reverse current (/) of
—4.35 A at room temperature. The reverse recovery time ()
is 20 ns and the diode softness factor is 0.6.

Current [A]

20.05
Time [ps]

20.2

-6 PRI B
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Fig. 6. (Color online) GaN PSJ diode reverse recovery waveforms at

various current levels at room temperature.
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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3. Experimental setup

A dedicated test bench was built for investigating the surge
current capability of the GaN PSJ diode as shown in Fig. 7.
The setup uses an autotransformer T2 to step down the
voltage to control the desired surge current flow through the
diode DUT. Further components, including an isolation
transformer T1 and input/output fuses are in place for safety
measures.

The current flow is controlled by the thyristor Ty1 which is
driven by the control circuitry shown in Fig. 8. The circuit is
designed to provide a single half sinusoidal pulse with 10 ms
pulse width. The control system applies a trigger pulse that is
synchronised with the mains (input) 50 Hz frequency to the
gate terminal of the thyristor Tyl. Therefore, during the
thyristor on-state, a single half sinusoidal wave with the pulse
width of 10ms is passed through the device under test
(DUT).

The voltage across the diode has been increased in steps
and the corresponding data was captured. In order to analyse
the influence of surge current stress on the device, a number
of End-of-Lifetime (EOL) criteria and aging mechanisms
have been studied including an increase in diode forward
voltage drop, a degradation in reverse blocking capability or
an increase in reverse leakage current.”” The device forward
and reverse characteristics were measured by Tektronix 371B
curve tracer and Agilent B1505 power device analyser,
respectively, prior to the conduction of the surge current
experiment and after every 10 A surge current step.

4. Measurement results and discussion

4.1. Maximum surge current limit

After the initial device characterisation, the experiment has
been conducted to determine the maximum surge capability
of the GaN PSJ diode. A 10 ms half-sine current pulse was
imposed on the device at different current levels. The
measured voltage waveforms (across the diode, Vac) at
different surge current levels are shown in Fig. 9.

The results show that the diode survived up to 60 A which
is nearly 8 times the device-rated current. The maximum
deposited surge energy was calculated by the integration of
the dissipated power over the 10 ms surge current during the
last pulse before failure which corresponds to 5.4 J. At 58.3 A
pulse, a secondary voltage peak can be observed which
indicates the activation of bipolar operation mode. The
corresponding surge current I~V characteristics are shown in
Fig. 10.

Fuse 10A - slow

Z

Thyristor

Tyl

Transformer
(1:1)T1

/ DUT

Fig. 7. (Color online) Simplified circuit diagram of the experimental setup.
A 10 ms half- sine wave pulse is applied to the DUT when the control signal
is triggered.
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Fig. 8. (Color online) Synchronised pulse generator circuit diagram. The
circuit generates a single pulse synchronised with the input frequency.
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Fig. 9. (Color online) Voltage waveforms (Vac) of the GaN PSJ diode at
different surge current conditions.
70 I 1 1 I
60 2 >y ~ i | Destruction |
F > N ——548A
50 F----- A/~ __i___ _‘ 4 _______ 58.3A
< Jy ; : 56.7A
= 174 | 53.1A
240 - i S A - 1—512A
S ! | | ——48.8A
© 30 F--- SV < A A ] 45.1A
g [ | | —41.0A
S [ 4 i - —35.0A
B~ 20 - . bipolar NS 25 7A
: branch onset : 15.0A
e —
0 H H H H
0 10 20 30 40 50
Forward Voltage [V]
Fig. 10. (Color online) Corresponding I~V curves of the GaN PSJ diode at

different surge current conditions. The pulse width is 10 ms.

A rising and a falling branch can be clearly seen due to the
influence of temperature. The device's positive temperature
coefficient causes the current in the falling (return) branch to
be lower with a higher forward voltage drop. At 58.3 A pulse,

it can be observed that there is a sudden increase in forward
© 2023 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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voltage in the return branch that corresponds to the triggering
of the bipolar regime at ~25 V. Subsequently, the inrush of
minority carriers (holes) from the p-GaN region due to
activation of bipolar mode leads to the device degradation.
The bipolar operation is only observed in the return/falling
branch which is due to the temperature dependency of the
bipolar on-set voltage, which reduces due to self-heating.
Meanwhile, in the rising branch at 25 V, no sign can be seen
which indicates the likely thermal influence on the device.
Due to the generated heat during the surge current event, the
on-set voltage of the PiN diode reduces along with the
decreased mobility of the 2DEG beneath the p-GaN region
causing higher resistance and a larger voltage drop across the
PiN diode that triggers the bipolar current flow and the
injection of minority carriers. On the other hand, in the
extended /-V characteristics (as shown previously in Fig. 3),
the bipolar operation is not present due to the short pulse
width of 250 us which does not contribute to a noticeable
temperature rise. The destruction happened at about 60 A
where the device failed due to high-level of surge current.
During the last surge current pulse (54.8 A) before the
destruction, the rising branch shows a significant degradation
in current due to the partial damage from the previous surge
current pulse of 58.3 A.
4.2. Influence of surge current on device and aging
mechanism
The device's static characteristics were monitored for changes
in on-state performance, reverse leakage current and blocking
voltage capability. The device was characterised prior to the
test and during the test after every 10 A increase in the surge
current. The forward characteristics of the device are shown
in Fig. 11. The dashed line highlights the last measured result
(after 51 A surge current pulse) while the solid line represents
the initial measurement prior to the test.

A minor shift in the forward current can be observed
particularly at higher forward voltage. Similarly, the reverse
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Fig. 11. (Color online) Forward characteristics of the GaN PSJ diode prior

to the test (solid line) and before the failure after the 51 A surge current pulse
(dashed line).
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Fig. 12. (Color online) Reverse leakage current of the GaN PSJ diode. The

measurements were carried out prior to the test (solid line) and before the
failure (dashed line) after the 51 A surge current pulse.

characteristics are illustrated in Fig. 12 comparing the reverse
leakage current of the device before the failure (dashed line,
after 51 A surge current pulse) to the initial measurement
(solid line, before the test). While the device managed to
maintain it's rated blocking voltage capability, a slight
increase in leakage current can be observed.

Reverse voltage blocking capability and leakage current
were observed to have minor degradation before device
failure.

4.3. Failure mechanism and analysis

At the surge current of nearly 60 A, the GaN PSJ diode broke
down due to the high-level of current. The device failed in the
open circuit. The failure region can be observed in Fig. 13.

As can be seen, the device failure region can be observed
on the anode fingers near the cathode terminal uniformly
distributed across the device. The possible reason for this can
be attributed to the triggering/activation of the p-GaN contact
near the anode region where the damage can be seen. The
activation of the p-GaN region results in a significant number

6 mm

Anode

Cathode

4 mm

Fig. 13. (Color online) GaN PSJ diode after the failure. The black regions
are the burnt-out failure points.

© 2023 The Author(s). Published on behalf of
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of high-energy minority carriers to be injected into the device  9)
which could result in lattice damage and device failure. 10
5. Conclusion )
This work presented the device characteristics and the surge
current capability of the 1.2kV GaN PSJ diode for the first 1?
time. As can be seen, the GaN diode demonstrated a surge )
capability of nearly 8 times its rated current. The total surge
energy before failure was measured to be 5.4J. Due to the 14)
significant amount of surge current stress on the device and 15)
dissipated power, failure can be seen near the cathode region
of the device. However, the damaged areas are within the 16)
anode fingers and uniformly distributed across the device.
The failure mechanism is attributed to the activation of the
. . . . .. . . 17)
PiN region which results in the sudden injection of minority
carriers into the device and device failure. In terms of 18)
degradation, no significant changes were seen in advance
of the failure. The results show that GaN PSJ diodes can be 19)
highly cost-effective and reliable for high frequency, high-
efficiency power electronic designs. 20)
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