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With a higher power rating and broader application, Gallium nitride (GaN) is a promising
next generation power switch. The current four GaN HEMTs in paralleled phase leg that can block
400 V and conduct 200 A current are very beneficial, thus making the protection method on a GaN
phase leg an urgent topic. This thesis starts with an overview of shortcircuit robustness among
silicon (Si), silicon carbide (SiC) and GaN devices. An approximately safe operation area (SOA)
for a GaN power switch will also be determined. The various common shortcircuit protection
methods are mentioned. Additionally, current research on a GaN semiconductor is summarized.
Among all of the protection methods, desaturation detection is selected and analyzed through
simulation and then implemented in a parallel enhancement-mode high-electron-mobility
transistor (E-HEMT) GaN phase leg. With this desaturation detection feature, the GaN E-HEMT
can be turned off as quickly as 200 ns, and in the worst case, 500 ns, during a shortcircuit test. The
phase leg survived a series of shortcircuit tests with shortcircuit protection. For the proposed
protection scheme, the best-case reaction time (200 ns) is similar to others in literature, while the
shortcircuit peak current and peak energy are higher. The worst-case performance of this design is
limited by both the gate driver and the device shortcircuit robustness.

Due to the fast switching speed of the GaN HEMT, the false turn-on phenomenon caused
by the Miller effect can be a problem. A shoot through may occur with one switch false turn on.
The Miller clamp is added to the phase leg to improve its reliability. After the hardware was
implemented, the Miller clamp was tested and verified through a double pulse test (DPT).
Compared to the phase leg without the Miller clamp, the gate is better protected from gate voltage
overshoot and undershoot. The switching loss is reduced by 20 percent by using a new gate driver
IC with higher current driving capability.
The degradation effect of GaN power switches in different shortcircuit pulses was also
studied. The device passes through the shortcircuit tests, but any degradation effect that may
change its parameters and influence its normal operation characteristic need to be addressed.
Several GaN devices were selected and characterized after several shortcircuit tests to observe any
degradation effect cause by the shortcircuit.
The degradation test results reveal a “recovery effect” of the GaN HEMT used in this
project. The parameter variations on threshold voltage and on-resistance recover to the original
state, several hours after the shortcircuit test. The test results match with the conclusion draw in
degradation test conducts by other research group that the parameter variation during shortcircuit
test is negligible. Also, repetitively fast shortcircuit tests on the GaN HEMT show that the
shortcircuit protection limit for this device under 400 V bus should be limited to 300 ns.
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Abstract
(General Audience Abstract)
A phase leg consists of two power switches: a top switch and a bottom switch. As a
result of a wrong gate signal or the Miller effect, shoot through problems may occur that
lead to a shortcircuit current running through the channel. The excessive heat brought by the
shortcircuit current will kill the device if not turned off in time. The failure of the phase leg
may also have a hazardous impact on the rest of the system. To improve the overall system
stability, a shortcircuit protection feature can be added on the gate-drive level. The
shortcircuit protection turns off the device when it runs into shortcircuit mode, and before
device failure.
In this thesis, desaturation detection is selected to implement on a paralleled Gallium
nitride (GaN) phase leg based on the device characteristic and configuration. Desaturation
detection takes the device under test (DUT) as a current sensing component. By sensing the
voltage across the DUT, the desaturation detection decides whether the DUT is operating
under shortcircuit. If it is, a signal is sent to the gate driver to turn off the DUT when high
voltage is sensed. A series of shortcircuit tests were conducted to verify the function of
shortcircuit protection.
A Miller clamp is also implemented and tested on the same phase leg to prevent a
false turn on problem and to protect the gate. Both the Miller clamp and desaturation

detection features are tested on the same phase leg. The GaN devices survive the
shortcircuit tests, with shortcircuit protection times between 200 ns to 500 ns. The design is
successfully validated. Along with the implemented protection features, device degradation
and shortcircuit robustness tests are also included in this work. The test results show that
300 ns shortcircuit time under 400 V bus is a safe turn off goal for this device.
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Chapter 1
Introduction

1.1 Motivation
As a promising next generation power switch, Gallium nitride (GaN) has a higher power
rating and broader application compared to Si semiconductors. A GaN device can be used in high
power applications, especially when paralleled. The four GaN HEMTs paralleled phase leg module
in CPES, as shown in Fig. 1, paralleled four identical 650 V/ 60 A GaN HEMTs to convey a 200
A load current in a double pulse test (DPT). The switching cell can be used in high power converter
design [1].

Fig. 1. Top and back side of the switching cell design of four GaN HEMTs paralleled.
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A six-layer PCB was used to realize the power loop design. When paralleling a GaN power
semiconductor, special care should be taken with both the gate loop design and power loop design.
In order to successfully parallel GaN HEMT deivces, it is essential to maintain a symmetric gate
loop design. To achieve identical gate loops, split turn off resistors and decoupling capacitors for
each GaN HEMT are employed. In this manner, minimum loop inductance is achieved. The
difference in turn on and turn off gate loop inductance is simulated as 0.1 nH. The schematic for
the gate loop design is shown in Fig. 2.

Fig. 2. Schematic for symmetric gate loop design.

A magnetic field self-cancellation technique is used in power loop design to have a
minimum power loop inductance. The power loop design is shown in Fig. 3. The current flow
direction is carefully designed in the PCB layout for inductance cancellation purposes.
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Fig. 3. Power loop design of the switching cell using four GaN devices in parallel.

With the increasing handling capability of the GaN device, the need to implement
shortcircuit protection on the gate drive level becomes urgent to improve the overall system
reliability. Considering the high power and fast switching speed, device failure in the switching
cell can trigger a critical issue to the whole system. In order to prevent this from happening, a
shortcircuit protection feature is needed for new gate driver design.
From past GaN phase leg design and test experience, the GaN HEMT has a very sensitive
gate pin. According to the datasheet, the GaN HEMT is fragile to gate voltage over/undershoot
which exceeds +10 V to -20 V [2]. The gate oscillation always causes problems while performing
experiments. To protect the gate and extend the device life time, gate protection functionality is
also essential. To lower the gate voltage oscillation and help reduce the risk of a false turn on, a
Miller clamp adoption is expected.
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1.2 Shortcircuit Robustness Comparison between GaN HEMTs and
SiC MOSFETs
As handling capabilities of GaN devices increase, it is important to understand the device
reliability. The device reliability entails the resistance to stresses applied to the devices, such as
thermal stress and electric stress [3]. During a shortcircuit operation, thermal stress increases
dramatically due to excessive current running through the channel. When the current lasts too
long and causes thermal runaway, device failure occurs. Thus, to ensure the effectiveness of
shortcircuit protection, a comprehensive understanding of a shortcircuit safe operation area needs
to be determined prior to shortcircuit protection design. The factors that influence the shortcircuit
robustness are gate voltage, bus voltage, shortcircuit currents, and shortcircuit pulse length. The
higher the gate voltage, the larger the shortcircuit current. When the bus voltage goes higher, the
heat accumulated during the shortcircuit increases accordingly. All these test conditions
influence the device behavior during the shortcircuit.
As promising next generation power switches, SiC based and GaN based switches have
different shortcircuit robustness. According to a recent study, for the same group of 600 V class
SiC and GaN power switches, SiC transistor has better shortcircuit robustness than GaN switches
[4]. For 650 V GaN E-HEMTs, the shortcircuit behavior is completely different under different
bus voltages.
When the bus voltage is lower than 300 V, the GaN HEMT can sustain more than 10 µs
shortcircuit pulses. When the bus voltage is higher than 350 V, the shortcircuit pulse that a
device can survive immediately drops to 600 ns and lower. Conversely, a SiC power switch has a
relatively consistent behavior across all voltage ranges. A 650 V SiC MOSFET can sustain a
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shortcircuit pulse for more than 10 µs up to 400 V. One of the key points in design shortcircuit
protection is to turn off the device immediately when it runs into high power mode.
Shortcircuit protection methods can be classified into two categories: current based and
voltage based. Current based shortcircuit protection methods sense the power loop current and turn
off the main switch when the sensed current is too high. Some current based sensing methods used
at CPES are the Rogowski coil and the use of source inductance to measure the current [5] [6].
Also, by turning the device under test (DUT) into a current measurement tool, voltage based
shortcircuit protection is realized. Desaturation detection is also a typical voltage based shortcircuit
protection method, which monitors the voltage across the DUT, together with the DUT output
characteristics to determine a fault in the system. The sensing schematic is depicted in Fig. 4.

Fig. 4. Schematic for typical desaturation detection.

Due to compatibility between commercial gate driver IC and SiC power semiconductors,
there are many choices of gate drive level circuit protection features integrated on the gate driver
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IC. However, the special driving requirements on a GaN based transistor determines that most
protection approaches on a GaN phase leg are constructed using discrete components.
Due to a lack of knowledge of the shortcircuit robustness of GaN transistors, limited efforts
in shortcircuit protection on GaN transistors were made. In [7] a voltage based over current
protection method is implemented in a GaN (gate injection transistor) GIT by sensing Vgs of the
DUT. In [8] overcurrent protection by monitoring Vds of DUT is proposed and tested at low
current. In this thesis, a desaturation detection method is proposed for a high voltage, high current
paralleled E-HEMT GaN phase leg. Finally, a detailed device degradation test is conducted to
verify the effectiveness of the proposed protection method.

1.3 Thesis Organization
This thesis focuses on gate driver design on a paralleled GaN E-HEMT phase leg. Using
the phase leg as a basic unit of converter with the added protection features, this proposed phase
leg shall improve the overall converter reliability.
In the first chapter, the importance of having shortcircuit protection is addressed,
followed by an explanation of several common shortcircuit protection methods. Based on the
information on general GaN power switches, a design specification of current GaN E-HEMTs is
proposed. Following, a brief shortcircuit SOA of different power switches is discussed. Also, an
overview of several protection trials on GaN semiconductors are mentioned.
In Chapter 2, the basic physics of a GaN E-HEMT is described, followed with device
characterization results obtained from a curve tracer. Later in the chapter, the gate driver design
specifications of a paralleled GaN phase leg are illustrated.
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Starting with a brief introduction of normal shortcircuit protection methods, Chapter 3
illustrates how desaturation detection can be transferred to a GaN HEMT, and how desaturation
detection works in detail. The feature is implemented via a commercial gate driver IC. The
hardware design approach and test validation are included in this chapter.
Chapter 4 discusses the Miller Clamp implementation and test waveform.
Chapter 5 discusses the basic functions of the phase leg test result. Following an
introduction on shortcircuit types, the chapter examines shortcircuit protection tests and
validation. Finally, to validate the protection method effectiveness, research on the device
degradation effect is conducted. A test plan is carried out to demonstrate the best and efficient
protection time for GaN semiconductors.
Chapter 6 summarizes the work, conclusions and future work.
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Chapter 2
Static Characterization of GaN E-HEMTs

The previous chapter discussed the importance of shortcircuit protection and the special
shortcircuit robustness of the GaN HEMT. In Chapter 2, some basic facts about a GaN HEMT
will be addressed, and the static characterization results of a GaN HEMT will be tested.

2.1 Background of GaN E-HEMT

A GaN HEMT can switch at very high frequency, up to GHz range, which makes it an
irreplaceable component in radio frequency (RF) applications. High power output capability
further improves the system efficiency. Recently, GaN research has explored applications in the
power electronics field. GaN applications in power electronics reduces its switching frequency to
MHz range, but is still higher than other power switches (e.g., Si and IGBT). Higher switching
frequency allows size reduction of passive components in the remainder of the system, enabling
the overall system size to shrink, thus dramatically improving power density. Also, the system
benefits in higher efficiency and lower switching loss.
A GaN HEMT structure is shown in Fig. 5. A Lateral 2DEG (2-dimensional electron gas)
channel is formed between the aluminum gallium nitride (AlGaN) and GaN layers. The channel
will open up with a positive bias on the gate. This structure is unique in GaN semiconductors and
features a GaN transistor very low on resistance (Ron). The switching loss of a GaN HEMT is
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also low because of very low parasitic capacitance. This makes GaN a very low loss power
switch compared to Si in the power electronics field. Some other features that make AlGaN/GaN
HEMTs superb power transistors are rooted in their material characteristics. As wide bandgap
devices, GaN HEMTs high breakdown voltage and high saturated drift velocity leads to high
saturation current densities [9]. These two features give a GaN semiconductor very high power
density on a very small area.

Fig. 5. GaN E-HEMT structure [10].

The GaN HEMT used in this work is shown in Fig. 6. The 650 V/ 60 A GaN E-HEMT
from GaN Systems possesses two symmetric gate pins, which makes it very convenient to
achieve a symmetric gate loop in paralleling phase leg design. Its switching frequency reaches
more than 100 MHz, and the Ron is 25 mΩ at room temperature.

9

Fig. 6. 650 V/ 60 A GaN E-HEMT from GaN Systems.

2.2 Static Characterization
In order to better use the GaN HEMT in this project, static parameters were characterized
before working on the schematic design. Symmetry is the key to successfully paralleling a GaN
HEMT. It involves PCB loops symmetry and also device symmetry. Mismatch on the gate loop
inductance and loop length may result in different turn on and turn off speeds. This may cause a
current imbalance issue at turn on stage. A mismatch between device parameters will have a
similar impact on the current sharing issue; one example would be a mismatch of threshold
voltage and Ron between two devices in parallel.
In this section, four random new GaN HEMTs from GaN systems are selected to conduct
static characterization. The static characterization was measured on Agilent Technologies
B1505A. Since the GaN HEMT comes in a surface mounted package, a special fixture, shown in
Fig. 7, is made to connect the pin on the GaN HEMT to the curve tracer.
10

Fig. 7. Fixture for GaN HEMT static characterization.

In Fig. 8, the output characteristics of four new GaN HEMTs are measured and plotted
together. The gate bias of this GS66508T 650 V/60 A GaN HEMT from GaN Systems was
swept from 2 V to 6 V. It is clear to see that the four I-V curves match well with each other,
especially when the gate bias reaches 6 V. When VDS increases, the drain current also increases,
but will saturate. When gate bias increases, the saturated current saturates at a higher level. This
saturation characteristic is essential for its shortcircuit protection design.

Fig. 8. Output characteristics (G66508T 650V/60 A GaN HEMT).
11

The parasitic capacitance of the same four new GaN HEMTs is also measured and plotted
in Fig. 9. The measured value variation is very small, and it can be assumed they have almost the
same parasitic capacitance values.
A GaN HEMT has variable output capacitance, input capacitance, and reverse transfer
capacitance as one can see from the curves. Therefore, the device has different switching
behaviors and losses at changed voltage level.

Fig. 9. Parasitic capacitance (G66508T 650V/60 A GaN HEMT).

The threshold is measured under the same test condition as specified in the data sheet.
The four curves on Fig. 10 show less than 2 percent threshold voltage variation. The difference is
very small but may still cause a switching mismatch.
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Fig. 10. Threshold voltage (G66508T 650V/60 A GaN HEMT).

The forward Rds(on) and Rrev(on) are calculated based on I-V curves and plotted in Fig. 11.
The Rds(on) in the datasheet is specified as 25 mΩ. The measured value is about 10 mΩ higher,
which is added from the fixture. The long fin on the fixture and PCB traces bring in extra
parasitic resistance. The measured 5 percent variation in Rds(on) may cause a current sharing issue
in the paralleled phase leg. When paralleling devices, the two branches are supposed to carry
equal current; however, lower resistance on one branch results in higher current running through
the channel. If the situation gets worse, the heat or circulating current may increase the instability
of the phase leg and can eventually lead to device failure.
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Fig. 11. On resistance (G66508T 650V/60 A GaN HEMT).

In continuous run with a heat sink properly attached to the cooling pad of this GaN
HEMT, its temperature on the heat sink will rise to 80 °C. The temperature differences induce
static characterization parameter variations. The variations under room temperature, and the
equilibrium temperature in continuous tests, may affect the shortcircuit protection parameter
tuning. Therefore, it is necessary to do the static characterization under higher temperature, to
see how it affects the I-V curve.
Since the gate is switched with 6 V, the new characterization with Vgs ties to 6 V is
repeated to show the I-V curves under different temperatures. The characterization curves are
shown in Fig. 12.
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Fig. 12. I-V curves under different case temperature.

The I-V curves show temperature has a big impact on the current. Current saturated level
decreases as temperature increases. In other words, under the same Vds the corresponding current
level is lower at higher temperatures. This casts a problem on tuning the protection specifications
when the device temperature goes up in a continuous run. A sensing level suitable for low
temperature may be too low for high temperature. It may cause a false trigger in normal
operation, if the sensing level gets close to the normal current level. One option to mitigate this
issue is to tune the protection parameter to compensate for the influence of increased
temperature.

15

Chapter 3
Desaturation Detection on GaN
Desaturation detection is state of the art in IGBTs. This chapter discusses how to adapt
this method to realize shortcircuit protection for GaN HEMTs. The implementation of
shortcircuit protection on a paralleled GaN phase leg in PCB design will be explained. A
modification on the sensing loop and special requirements for GaN shortcircuit protection will be
described.

3.1 Desaturation Detection Working Principle
Desaturation detection in widely used in IGBT shortcircuit protection because IGBT has
a very sharp saturated to desaturated region in the I-V curve. The shortcircuit current level is
normally limited to three to five times of its nominal current, and IGBT can survive shortcircuit
pulses for more than 10 µs. These qualities make desaturation detection perfect for IGBT
shortcircuit protection [11].
As mentioned in Chapter 2, the GaN HEMT has a very flat I-V curve when current
saturates, with a sharp transition between saturated regions to desaturated regions. This kind of
shape makes it suitable for utilizing desaturation detection since the shortcircuit current will be
clamped by the I-V curve while the Vds keeps increasing. The peak shortcircuit current is limited
to four times of its nominal current by the device; therefore, the heat generated during the
shortcircuit won’t increase too quickly [12]. The shortcircuit robustness might be a problem
causing the GaN HEMT to fail earlier than expected, but considering the GaN HEMT has faster
16

switching speed, shorter miller plateaus, and no voltage tail, the blanking time for the GaN
HEMT can be much shorter than IGBT. All these features make it possible to transfer
desaturation detection to a GaN HEMT phase leg. Also, the desaturation detection senses the
voltage across the DUT. To protect a paralleled GaN, no special change is needed to implement
the method from a non-paralleled phase leg to two GaNs in paralleled phase leg.
The desaturation detection senses the voltage across the DUT drain and source, together
with the DUT I-V curve to decide a fault. For example, when the GaN HEMT used in this
project carries 140 A drain current, the corresponding Vds is measured as 4 V from its I-V curve.
When the detection circuit senses a voltage larger than 4 V, meaning a large current is running
through the channel, then a fault signal should turn off the DUT.
The shortcircuit protection with desaturation detection consists of three main parts: the
voltage sensing circuit, logic control to determine a fault, and the turn off path for the DUT. The
sensing circuit can be realized by using high blocking voltage diodes and a resistor. The logic
control circuit utilizes a comparator to take in the voltage signal from the sensing circuit. It then
compares it to a threshold voltage, feeding the output of the comparator to a gate driver IC or
external turn off path, to turn off the DUT.
The detailed working diagram of desaturation detection is shown in Fig. 13. When the
DUT is under normal operation, the voltage across the DUT is very small. The current source
charges the blanking capacitor, so the voltage on the blanking capacitor increases, but will be
clamped by the DUT Vds through the sensing circuit because the diode is forward biased.
Therefore, the voltage on the input of the comparator is lower than the desaturation threshold
voltage. When the DUT is shorted, the current running through the channel will increase quickly
and dramatically. Due to that large current, voltage across the DUT will also increase. In this
17

case, the diode is reverse biased, and the current source keeps charging the blanking capacitor.
After blanking time, the voltage on the blanking capacitor will be higher than the threshold
voltage. The comparator then sends out a signal to turn off the DUT.

Fig. 13. Desaturation detection diagram.

The blanking capacitor adds a delay to the voltage rise during the shortcircuit pulse to
avoid a false trigger. The Vds can be noisy during normal switching on transient, adding a delay
to the sensing voltage, so the noise signal will not be taken into account as voltage rises during a
fault.
Simulation work in LTspice is done to help illustrate how desaturation detection works.
The DUT models are downloaded from the GaN Systems website. Circuit parasitics are extracted
using Q3D extractor and added to the simulation circuitry to make the waveform more practical.
The top switch and bottom switch turn on at the same time. While the switches open up, the
phase leg is shorted immediately. The drain current increases to three times its nominal current
level as indicated in the green curve, and the Vds of the bottom device cannot drop to a low level,
because it is running in saturation region. Thus, the sensing diode is reverse biased, and the
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voltage on the blanking capacitor starts to increase. Vcap touches the desaturation threshold
voltage eventually, and the DUT is turned off afterward. The simulation waveform is in Fig. 14.

Fig. 14. Simulated desaturation detection waveforms from LTspice.
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3.2 Desaturation Detection on Paralleled Phase Leg

Desaturation detection senses the voltage drops across the DUT to determine a fault. The
voltage drops on the two devices in parallel are the same by nature; therefore, it takes no effort to
transfer the desaturation detection from a nonparallel case to the paralleled structure. The PCB
layout for paralleled GaN phase leg should be carefully designed to ensure balanced current
sharing is achieved across each branch. This is the foundation of successful desaturation
detection implementation.

3.2.1 Component Selection

Multiple gate driver ICs have integrated a desaturation protection feature; however,
implementing the protection feature with a commercial gate driver IC is much easier and saves
more footprint. The only problem is the compatibility issue between the GaN transistor and the
gate driver IC. A GaN HEMT has a very narrow driving voltage range. The one in this project
requires +6 V turn on voltage and -4 V turn off voltage. Many commercial driver ICs have an
output range starting from 9 V and above. The other issue is that the low Rds(on) of a GaN HEMT
leads to a very low desaturation threshold voltage. If the threshold voltage is set too high, the
shortcircuit voltage rise may never reach it, and the protection never triggers. Also, to drive a
GaN HEMT, due to the fast switching speed, a good isolation barrier between the primary to
secondary side is also crucial. The high dv/dt during switching may flow through the barrier and
cause turbulence in the signal on the primary side, causing the wrong driving signal at the gate
driver output.
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For these reasons, most of the gate drivers are not suitable, due to an improper driving
range for a GaN, or too high desaturation detection threshold voltage. A brief survey of
commercial gate driver ICs with shortcircuit protection functions are listed in Table 1.
Table 1. Survey of commercial gate driver ICs with desaturation protection functions.

As shown in the table, although equipped with desaturation functions, most of the gate
driver ICs have a UVLO set to 11 V, so they cannot output a 6 V driving voltage.
After a comprehensive gate driver IC review and comparison, a gate driver from
STMicroelectronics is selected to drive the GaN HEMTs and also provide an integrated
protection feature. This programmable gate driver IC, has many integrated features which can be
programmed and set through SPI communications. The desaturation detection, Miller clamp, and
deglitch filter are selected and programmed to fulfil the tasks for this project. Deglitch filter
helps filter out any noise shorter than 15 ns, so the chance of a wrong signal at the gate driver
primary side, sent out by an EMI issue, is reduced.
Since the logic circuit and current source are integrated into the powerful gate driver IC,
the remaining parts are the resistor, blocking diode, and blanking capacitor from the sensing
circuit.
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The blocking diode should have a high voltage rating to block the bus voltage during
normal turn on operation. When the DUT turns on, the diode needs to have a fast responding
speed to sense the voltage. A fast reverse recovery Si diode is selected for this design. Another
key point is to minimize the junction capacitance of the diode. The fast voltage change from on
and off state will induce displacement current flow in the sensing path, and causes voltage spikes
on the input of the comparator, as shown in Fig. 15 [13]. To mitigate this phenomenon, one
option is to use a large blanking capacitor, but the large blanking capacitor result in a longer
blanking time. A better approach is to minimize the junction capacitance and the parasitics in the
sensing loop. Two identical diodes are placed in series to reduce the junction capacitor. The
junction capacitor is reduced by half in this manner. Also, the sensing loop is minimized by
placing the components very close to the gate driver pin in the PCB layout.
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GND
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Fig. 15. Voltage spike induced by parasitic capacitance in sensing loop.

The blanking capacitor value together with the current source charging speed, determines
the blanking time. The blanking capacitor value can be calculated using equation (1).
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I

CBlank = V Desat

tBlank

Desat.thresold

(1)

To decrease the blanking time and to have a larger blanking capacitor, the charging
current source is set to 1 mA. The blanking time can be properly selected by observing the
normal switching transient. The transient from the DPT finishes in about 50 ns as shown in Fig.
16; therefore, the proper blanking time is estimated to be around 80 ns.

Fig. 16. Switching on transient in DPT under 400 V @ 100 A.

The voltage on the comparator input pin (Vsense) consists of three parts: voltage drops on
the resistor and diode, and voltage drops across Vds.
Vsense = Vds + Vdiode + Vres

(2)

The Vsense is an even number set by the gate driver ranging from 3 V to 11 V. The Vds are
arbitrarily selected from the desired current level and the corresponding voltage drop on the
DUT. The resistor value should be selected so the three voltages added up can reach a reasonable
threshold voltage. The recommend resistor is around 1 kΩ.
23

3.2.2 Hardware Design
Below, in Fig. 17 is the simplified schematic of the two GaN HEMTs in a paralleled
phase leg. Two gate drivers are controlled by a microcontroller unit (MCU) to feed in protection
parameters before the test. Each of them drives two GaN HEMTs. Both the top and bottom
switches are implemented with a desaturation detection circuit. Since desaturation detection
senses voltage, and the two GaN HEMTs in parallel have the same voltage drop on Vds, only one
sensing circuit is needed for these two power switches in parallel.

Fig. 17. 2 GaN paralleling phase leg schematic.

Since the two gate driver ICs need to communicate with the same MCU through a Serial
Peripheral Interface (SPI) daisy chain connection, the three components should share the same
ground and same voltage source. The power architecture for this phase leg is proposed in Fig. 18.
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The wide bandgap devices switch at very high frequency, while enjoying the benefits of
low switching loss and high power density of the overall system; however, it also pays a price of
high EMI emission[14] [15]. According to [16], the conducted EMI emission increases 20 dB
with SiC devices compared to the same setup tested with Si devices at MHz range.

Fig. 18. Power and signal architecture.

EMI circulated through the power loop and auxiliary power loop will cause circuit
malfunction problems. The propagation path in the gate driver loop for this design is shown in
Fig. 19. The common mode current iCM_GD flowing through the high side gate driver and power
supply to the ground may cause signal distortion at the primary side of the gate driver IC or the
input signal at the power supply. In this power architecture design, the iCM_GD can be attenuated
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by using a power supply with a very small isolation capacitor and by using a gate driver IC with
an isolation barrier [17] [18].

Fig. 19. EMI emission propagation path in the gate driver loops.

Thus, a 2 W power supply from Murata with 2.1 pF isolation capacitance is selected to
power the gate signal.
The hardware implementation follows the paralleled GaN phase leg prototype in CPES.
As described in Chapter 1, the design of this switching cell has a lateral power loop, and a
symmetric gate loop among four GaN HEMTs to ensure balanced current sharing.
On the actual PCB layout, the four GaN HEMTs and one power supply are mounted on
the top side, and the rest of the circuits, such as gate driver integrated circuits (ICs), MCU, and
the other power supply are placed on the back side. A current shunt is placed beside the low side
source pin. Six PCB layers are used to finish all the connections with SPI traces between the
MCU and two gate driver ICs to load programs per test.
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The gate loop design is shown in Fig. 20. The placement of the split decoupling capacitor
results in a smaller turn off loop than turn on loop. The turn off loop parasitic inductance
issimulated as 2.9 nH and 3.1 nH. Turn on loop inductance is 3.38 nH and 5.87 nH simulated by
Q3D Extractor. The mismatch of the turn on loop inductance is a result of imbalanced turn on
pin arrangement on the gate drive IC.

(a) turn on loop

(b) turn off loop
Fig. 20. Gate loop design.

The power loop design is captured in Fig. 21. The top side GaN HEMTs have a Drain
pin connection to the DC+ and the decoupling capacitors and have a Source pin connection to the
drain of the two bottom GaN HEMTs. The bottom side GaN HEMTs Source connect to DC- and
the other side of the decoupling capacitors. The six layer PCB has two extra layers unsigned,
compared to the four layer PCB design. The polygon flows drain current and ground pad are
placed twice to increase current carry capability. The clearance of the polygon is kept at 20 mil
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for the outer layer and 15 mil for the inner layer to avoid flashover and tracking between
conductors. The total power loop parasitic inductance in this design is measured as 1.9 nH.

(a) Top layer

(b) Mid layer

(d) Mid 3 layer

(c) Mid 2 layer

(e) Mid 4 layer

Fig. 21. Power loop design on (a) Top layer (b) Mid layer (c) Mid 2 layer (d) Mid 3 layer (e) Mid 4 layer.
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The 3D View of the phase leg is in Fig. 22. The entire size of the design is 95 mm*35
mm and is 77 mm*35 mm without current shunt. The total size of the phase leg design increased
about 20 percent to equip with protection features as compared to the prototype in CPES [1]. The
size can be reduced by using a non-programmed gate driver IC. The MCU and low drop out
(LDO) regulator are removed, as well as the space allocated to SPI connections.

(a) Top side

(b) Bottom side
Fig. 22. 3D view of designed switching cell (a) Top side (b) Bottom side.
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Chapter 4
Active Miller Clamp

A GaN HEMT can switch at very high frequency and have very low switching loss;
however, the benefits associated with high dv/dt bring some problems to the phase leg reliability,
such as a false turn on issue caused by the Miller effect. This section introduces the Miller effect,
and the methods to mitigate it. The Miller clamp implementation and test results are also
included.

4.1 Active Miller Clamp Working Principle

Miller capacitors originate from the internal structure of the GaN HEMT, and the value
varies at different voltage levels applied on the switch. In a phase leg configuration, when one
power semiconductor switches, the voltage blocked by the other switch, faces an immediate
change. The dv/dt, together with the Miller capacitor on the other switch, results in a
displacement current flow through Cgd to the gate. As illustrated in Fig. 23, when Q1 turns on,
the voltage on Q2 increases immediately to the VDD. The high dv/dt induces current flows
through the Cgd, and that current sinks in the gate driver. The current magnitude is related to both
the dv/dt and the capacitance as described in equation (3) [19].
dv

Igd = Cgd dt
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(3)

The current passes the gate resistor and induces a voltage drop on that resistor, which
results in a voltage increase on the gate. If the voltage overshoot is so big that it reaches the
threshold voltage of the main switch, the main switch will turn on shortly after the other switch
turns on. The whole process leads to a shoot through problem in the phase leg configuration. If
the phenomenon is not properly mitigated, the shortcircuit fault, triggers a short current running
through the channel, and eventually causes a device failure.

Fig. 23. Miller effect in phase leg configuration.

Considering the very low threshold voltage of a GaN HEMT, which is 1.2 V, it is
necessary to mitigate the voltage overshoot. There are several common methods to deal with this
problem. Other than using a small turn off resistor to reduce the voltage overshoot at the gate,
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one can either lower the dv/dt to reduce the magnitude of the voltage overshoot or provide a low
impedance path for the displacement current.
One mitigation approach is to add a capacitor between the gate and source of the DUT to
provide a low impedance path. The capacitor is paralleled with the Cgs of the DUT and is
charged and discharged in every switching cycle, but the drawback is the capacitor adds extra
loss to the system and also slows down the switching speed of the DUT. The other approach is to
implement an active Miller clamp to the gate.
When the DUT is in an off state, and if the voltage overshoot on the gate exceeds the
limit of the Miller clamp turn on point, the Miller clamp is activated. Since the impedance of the
Miller clamp is much lower than the turn off loop, the displacement current will sink into the
Miller clamp at the source. Therefore, the voltage at the gate is clamped at a low level.

4.2 Active Miller Clamp PCB Design
The gate driver IC selected from STMicroelectronics has an integrated Miller clamp
function. Ideally, to add this feature, one can simply connect the Miller clamp sensing pin on the
gate driver IC, directly to the gate of the DUT. In a paralleled phase leg design, we have one gate
driver that drives two power switches. If we connect the Miller clamp sensing pin to the two gate
pins of the paralleled GaN HEMT, the split turn on and turn off loop will be shorted by the
Miller clamp pin. Also, the total displacement current from the two GaN HEMTs may exceed the
current capability of the Miller clamp in the gate driver IC. As shown in Fig. 24, the split turn on
and turn off resistors design is used to damp the ringing in the gate loop; however, if the two gate
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pins are shorted by the Miller clamp design, a new loop is formed at the gate, the ringing will
circulate in the new loop, and thus cannot be damped by the gate resistor.
Therefore, separate Miller clamps need to be implemented for each switch. To address
this need, in addition to the integrated Miller clamp feature in the gate driver IC, two external
Bipolar junction transistors (BJTs) are adapted, and each of them connect to the gate of one GaN
HEMT. The two external BJTs also increase the current capability of the Miller clamp [20]. The
new schematic is shown in Fig. 25, and in this new design, there will be no circulating current
issue.

Fig. 24. Circulating current issue with shorted gate.
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Fig. 25. Miller clamp schematic design for 2 GaN in parallel.

To better fulfil the task of bypassing the displacement current, the BJT should have
enough current capability to allow most of the current to flow through it during off time. For this
design, the magnitude of the displacement current can be estimated by the dv/dt of the Vds turn
off speed and the parasitic Cgd. Also, in the PCB layout design, it is best to minimize the Miller
clamp loop and put the external BJT as close to the gate as possible, since the parasitic in the
Miller clamp connection traces may also generate noise and spike during switching. As shown
in Fig. 26, the BJT is placed almost on top of the gate pin.

Fig. 26. Miller clamp PCB layout.

34

4.3 Miller Clamp Test Results
In order to verify the function of the Miller clamp, one should first know how much the
gate voltage spike is before adding the Miller clamp, and then compare the magnitude of
overshoot with the overshoot after adding the Miller clamp.
The overshoot on the gate can be tested with a DPT on the top switch. One load inductor
connects with the bottom switch in parallel. The bottom switch is always off, and the top switch
is fed with two pulse signals. The bus voltage is set to 400 V and the load current is 100 A at the
second pulse. The bottom Vgs, Vds, and load current are measured and monitored through an
oscilloscope. The test schematic is illustrated on Fig. 27.
From the captured waveform in Fig. 28, when the top switch turns on, the Vgs overshoot
reaches 4.2 V, and reads at + 20 mV. Considering the very low threshold voltage of a GaN
HEMT at 1.2 V, it is very possible to hit the threshold if the turn off voltage level is lower, or the
test setup changes. Fig. 29 illustrates when the top switch turns off, the induced gate voltage
undershoot at the bottom switch reaches -20 V. This number exceeds the safe operating voltage
range on the gate listed in the datasheet. It would be advantageous to reduce this undershoot, so
the gate is more reliable in the long run.
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Fig. 27. DPT on top switch.

Fig. 28 Gate voltage overshoot without Miller clamp when top switch turns on.
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Fig. 29. Gate voltage undershoot without Miller clamp when top switch turns off.

The same test is conducted after implementing the Miller clamp on the phase leg. The
new test waveforms in Fig. 30 and Fig. 31 show the overshoot is reduced to -1 V, and the voltage
undershoot is also improved.
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Fig. 30 Gate voltage overshoot with Miller clamp when top switch turns on.

Fig. 31 Gate voltage undershoot with Miller clamp when top switch turns off.
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Based on the experimental results, it is clear the Miller clamp reduces the gate voltage
overshoot. The gate is also better protected for voltage spike issues. In the future, a new design
can try to lower the negative turn off voltage for better efficiency.

39

Chapter 5
Shortcircuit Handling Capability and Degradation Effect

5.1. Introduction
In a real-world operation, the phase leg may have a shortcircuit threat due to a wrong
signal or false turn on. This may result in a fatal device and system failure. It is necessary to
explore the device shortcircuit behavior to better protect it or to use it with better confidence.
When testing the LLC converter with this phase leg design, one encounters several device
failures. They may be caused by a thermal issue and end up with a shortcircuit fault. The pins on
the GaN HEMT chip, gate, drain, and source pin are shorted after a device failure, and it would
be advantageous if the phase leg were equipped with several shortcircuit protection features.
Based on the I-V curve of this device, the design simplicity, and overall PCB design size,
desaturation detection is implemented on the phase leg.
The degradation effect of this phase leg is also a concern. The GaN HEMT saturated
current level has a decreasing trend after each shortcircuit test. This phenomenon casts doubt on
whether the GaN HEMT can be effectively protected, and whether it can be reused after one
shortcircuit test without showing significant device degradation after each test.
In this chapter, the implementation of desaturation detection is discussed, as well as the
degradation effect after repetitive shortcircuit tests.
The test plan is to first verify the function of the phase leg with a DPT and then to check
the function of desaturation detection. Afterward, a series of shortcircuit tests can be carried out,
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based on the types of shortcircuit. The protection will be added first on the bottom switch, and
then a test will be run again with protection on both switches.

5.2 DPT Results
After designing the PCB and mounted components on the board, one can start testing
with some basic function verification. Since the PCB has only one switching cell, a mother board
should also be fabricated to hold the PCB with the switching cell and inject signals to drive the
GaN HEMT.
The mother board is a simple one-layer board that can be fabricated with a PCB router in
the lab. On one side of the mother board, there is a connector to hold the daughter board, and a
series of bus capacitors storing the energy during the test. On the back side of the mother board,
several connectors are soldered to inject the bus voltage, pulse width modulation (PWM) signals,
and the primary source voltage for the gate driver. The mother board is shown in Fig. 32.

Fig. 32. Back side of mother board.
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The entire test structure is depicted below in Fig. 33. The function generator generates the
PWM signals to drive the gate driver. The power supply provides power for the on board
auxiliary voltage. The Vgs, Vds, and drain current are monitored by passive probes. The probes
and output connection of the power supply are equipped with a choke so the noise on the long
connection can be suppressed and avoid malfunction on the gate driver IC.

Fig. 33. Test setup.

Before increasing the bus voltage, the gate signal at both the bottom switch and top
switch are checked to ensure they are working correctly. After those checks, the bus voltage is
increased 50 V each time. Finally, the phase leg is successfully switched under 400 V with 100
A load current.
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The DPT switching waveform is shown in Fig. 34. Both the turn on and turn off transient
have very clean waveforms with a 5.7 Ω turn on resistor and a 4.7 Ω turn off resistor. At the
second pulse, the drain current reaches 100 A for the paralleled two devices, and the maximum
current peak reaches 200 A. The huge current overshoot may be due to the very small power
loop inductance. The highest dv/dt for turn on is 48 V/ns and is 106 V/ns for turn off. The faster
dv/dt is obtained with the gate driver from STMicroelectronics, as compared to the dv/dt
obtained with the gate driver IC from Silicon Labs. This is because the gate driver from
STMicroelectronics has a higher current capability.

(a) Turn on
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(b) Turn off
Fig. 34. DPT at 400 V 100 A with Ron = 5.7 Ω and Roff= 4.7 Ω (a) turn on (b) turn off.

To further improve the switching speed, the gate resistor is changed to 5.7 Ω for turn on
and 1 Ω for turn off. The switching loss associated with this setup can then be extracted from the
DPT at different current levels. By tuning the first pulse length, the drain current can be set to a
different level. According to [21], the switching loss can be calculated from the integration of the
drain current and the Vds during transient.
The switching loss data are calculated by Matlab, which shows when the drain current
increases, the device sees more switching loss. The turn off loss is very small, compared to the
turn on loss, and is almost negligible, as plotted in Fig. 35.
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Fig. 35. Switching loss of paralleled GaN phase leg at 400 V bus.

5.3 Shortcircuit Classification
The shortcircuit test can be classified into two categories in the phase leg configuration:
fault under load(FUL) and hard switching fault (HSF) [18].
In the case of FUL, the DUT turns on first before the shortcircuit test, and HSF represents
the case where the DUT turns on and immediately runs in shortcircuit mode. A simple waveform
clarification of these two categories can be found in Fig. 36.
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Fig. 36. Shortcircuit classifications.

Taking the bottom switch as an example, for FUL mode, the bottom switch turns on first,
and starts conducting a small amount of current in the channel. The top switch turns on later.
After the top switch turns on, the current increases immediately to a saturated level, and the Vds
also increases. In this case, the current rising speed is not limited by the gate voltage, but by the
stray inductance in the power loop. The Vds during the shortcircuit is not due to voltage drop on
the device Rds(on), but only influenced by the voltage drop on the drain to source inductance.
For HSF, the top switch turns on first, because the bottom switch is still off at this
moment. There is no current running through the bottom device, and the bottom switch conducts
a short current shortly after it turns on. Blanking time is inserted to distinguish this case to a
normal turn on process [11]. The oscillation after turn on should either be blanked out by
blanking time, or its amplitude is much smaller than the desaturation threshold voltage. Because
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GaN HEMTs have a very short Miller Plateau and don’t have the voltage tail compared to
IGBTs, the blanking time for GaN HEMTs can be much shorter. The rate the device starts to
conduct current depends on the turn on speed of the driving circuit and the device input
capacitor. The voltage drop on the bottom switch in this case is higher than the voltage drop in
FUL.
Since the voltage sharing between these two cases is different, the shortcircuit energy
dissipated is also different. One of the GaN HEMTs in the phase leg is more likely to fail under a
different condition, because the energy is not evenly distributed between the top and bottom
power switches during the shortcircuit. The shortcircuit test is carried out and validated
according to the guidelines given by the two categories.

5.4 Shortcircuit Test
5.4.1 Parameter Setting
To realize desaturation detection for a GaN HEMT, it can be problematic to properly set
the threshold voltage and blanking time. Since a GaN HEMT has a very low on resistance, the
voltage increase associated with the current is very small. Having a very high desaturation
threshold voltage may result in a delay in detection.
The same situation is true for the blanking time. The blanking time is reserved to filter
out the Vds noise during transient. Too long of a blanking time results in a longer shortcircuit
protection time and may break the device due to accumulated heat, but too much of a short

47

blanking time may lead to a false trigger. This is especially true for protection of a GaN
transistor, which is believed to have very low shortcircuit robustness.
The shortcircuit detection level is set to 4 V: 2 V drops on the resistor and sensing diode,
and 2 V drops on the Vds. The 2 V on the Vds corresponds to 80 A current under room
temperature, which leaves enough current boundary from a normal operating level. The blanking
time is determined based on the switching speed from the DPT.

5.4.2 Shortcircuit Function Check

Before directly running into shortcircuit mode, it is best to check if the desaturation
function is, or is not, working. The four GaN HEMTs are temporarily removed. Instead of testing
the function with expensive GaN transistors, voltage is injected from the function generator to
the desaturation sensing pin. A long Vgs turn on pulse is fed into the bottom Vgs. If desaturation
works properly, the Vgs signal at the gate driver output should drop to a low level after a delay.
The test waveform is shown below in Fig. 37.
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Fig. 37. Gate driver IC desaturation function check.

The gate driver is fed with a 2 µs turn on signal. A 5 V DC signal is injected into the
drain of the bottom device pin pad. If the desaturation detection does not trigger, the blue
waveform should be on for 2 µs and then turned off by the function generator. As shown in Fig.
30 above, the Vgs was only on for about 800 ns and turned off by itself. The voltage on the
blanking capacitor rises after a 250 ns delay, which is specified in the gate driver datasheet.
When the voltage on the blanking capacitor rises to 5 V, the Vgs signal turns off after a 150 ns
turn off delay, which is also listed in the datasheet. This behavior indicates that the desaturation
detection works.
In Fig. 38, the function is tested under a DPT structure. The same DPT which is switched
under 400 V and conducts a 100 A drain current is repeated; however, with the protection
feature, the current didn’t reach 100 A, because the turn off action was triggered earlier by the
gate driver IC.
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The blue curve in Fig. 38 is the gate signal, the red curve is the drain current, the green
curve is voltage on the blanking capacitor, and the light blue curve represents the bottom switch
Vds. It is a standard DPT waveform before the Vgs turns off. Under this test setup, the
desaturation threshold voltage is set to be 3 V. When the Vgs turns on, the drain current increases,
as well as the VDesat. When the current reaches around 50 A, VDesat exceeds 3 V, and the Vgs turns
off, after a turn off delay fixed by the gate driver. This experiment shows that the desaturation
protection works properly during a normal switch operation and under high voltage.

Fig. 38. Desaturation detection function check with DPT.
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5.4.3 Shortcircuit Test

In this section, a series of shortcircuit tests will be conducted. First the FUL and HSF are
both tested on the phase leg with only the bottom switch protected. Then, the test plan will be
carried out again to see the test result with both switches protected.
Next, a shortcircuit test will be carried out to test the functionality of the protection
feature. The shortcircuit is created by two overlapped gate signals from the function generator.
The two shortcircuit gate signals turn on sequence is given below in Fig. 39.

Fig. 39. Projected switching waveform for FUL.

The bottom device turns on first, and after 500 ns, the top switch turns on to create a 700
ns shortcircuit fault. This setup gives a FUL-like test result. If the desaturation detection works,
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the bottom Vgs should be turned off in the middle; therefore, the phase leg will not have to be
shorted for 700 ns until being turned off by the function generator.
The test waveform after adding a 400 V bus with no inductor load, is shown below in
Fig. 40. It is clear the bottom device turns on first. The voltage on the desaturation sensing pin is
held to 0 for 250 ns. After the 250 ns delay, the blanking capacitor starts to be charged, and the
voltage increases. The Vdes increases to 2 V and holds, because there is no current running
through the channel, and the Vds on the bottom device is low. The 2 V is the voltage drop on the
diode and resistor. During this time, the desaturation is not triggered. 500 ns after the bottom
device turns on, the top device turns on as projected. As the channel in the top device opens up,
the shortcircuit current immediately shoots up to 540 A. The Vds on the bottom device increases
since the GaN HEMT was pulled out of the saturation region. When the pink curve hits the
threshold voltage, the desaturation detection is triggered.

Fig. 40. FUL under 400 V with no load.
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The entire shortcircuit duration is limited to around 200 ns. Both the top and bottom
devices pass the test and can be used for the next test.
Below, in Fig. 41, is the zoom in waveform of the turn off transient. The phase leg does
not have a soft turn off function. The GaN HEMT sees an immediate drop on the drain current,
and in the meantime, the Vds rises back to the bus voltage. The turn off transient is very dirty,
with a great amount of ringing due to the loop inductance. Also, the highest overshoot of the Vds
is 500 V. Since the device is not broken after a hard switching off, the test plan will continue
with the same test setup.

Fig. 41. Turn off transient of FUL.

The next step is to test the shortcircuit protection with HSF. At this point, only the bottom
switch is equipped with shortcircuit protection; therefore, only the bottom device can be turned
off to terminate the shortcircuit fault.
The HSF can be tested by just swapping the gate signal, as shown below in Fig. 42.
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Fig. 42. Projected switching waveform for HSF.

The test result is captured in Fig. 43.

Fig. 43. HSF under 400 V with no load, turn off by bottom switch.
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Similar logic applies in this HSF case. The top switch turns on first. The bottom switch
opens up the channel and immediately conducts the shortcircuit current. As the Vdesat increases,
the gate driver turns off the bottom device. The main issue with this test is the shortcircuit
duration. The shortcircuit duration is around 500 ns because the 250 ns fixed blanking time must
be included in the shortcircuit. This indicates the worst-case scenario of the protection time with
this method, can reach 500 ns. The worst case happens when two switches turn on at the same
time and directly run into a shortcircuit fault. An additional situation is the load is shorted, the on
switch turns on, and is immediately shorted by the load. Under HSF, most of the shortcircuit
energy drops on the bottom GaN semiconductor.
Since desaturation detection works well on the bottom switch, the top switch is then
implemented with desaturation detection, and HSF is repeated to test its function. Fig. 44 is the
repeated HSF test, but the turn off is by the top switch.

Fig. 44. HSF under 400 V with no load, turn off by top switch.
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Although the same test as the previous case is carried out, this time the top switch
triggered the protection. Since the top switch turns on earlier, it already passes the 250 ns
blanking time and starts to charge the blanking cap, while the bottom device is still counting the
250 ns delay. The top switch reacts faster in this case, and the shortcircuit time is again limited to
around 200 ns.
The same group of tests are repeated with inductive load in parallel with the top switch.
The waveforms are similar to the previous case without load. The voltage sharing between the
top and bottom switch slightly changed for the FUL case. The test result is captured in Fig. 45
and Fig. 46.

Fig. 45. FUL under 400 V with inductive load.
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Fig. 46. HSF under 400 V with inductive load.

The shortcircuit energy from the FUL and the HSF cases with different protection time is
listed below in Table 2. The bottom switch shortcircuit energy is calculated from the test
waveforms. Since the top switch Vds is not measured directly, its shortcircuit energy is estimated
from the bottom switch waveforms.
Table 2. Shortcircuit energy under different shortcircuit tests.
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The highest shortcircuit energy with this protection method is around 60 mJ when the
device has been shorted for 500 ns. The device still functions properly after the test. The smallest
energy is around 3 mJ.

5.5 Degradation Effect during Shortcircuit Test

Even though the GaN HEMT phase leg is implemented with shortcircuit protection, and
the protection works properly, the device broke several times. The worst-case scenario of the
protection time is very close to the limit of the device; therefore, it may degrade the device
during the shortcircuit, and shorten its lifespan. The test results also reveal the current level
during the shortcircuit is changing from test to test. This may be due to a degradation effect [23].
As a result of these concerns, it is necessary to further examine the device degradation effect to
better evaluate the protection scheme designed for a GaN HEMT, and also learn more about the
shortcircuit robustness of GaN power switches. This will instill better confidence in future
protection design and revision endeavors associated with this work.
Since the test result for this protection method reveals that the shortcircuit protection with
desaturation detection can turn off the device between 200 ns to 500 ns, the new test plan will
focus on the degradation effect of a shortcircuit pulse between 200 ns to 500 ns.
Simple two GaN HEMTs in a paralleled phase leg without protection, shown in Fig. 47,
are first adopted for a fast shortcircuit test with 200 ns shortcircuit pulses. The shortcircuit signal
is given by the function generator, and the test is carried out under 400 V bus voltage, with a 5
min interval between each shortcircuit test. The goal of the test is to see how many shortcircuit
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pulses the device can withstand. At this point, only one top switch and one bottom switch is
mounted on the PCB to run the test so only the performance of the device will influence the
number of shortcircuit pulses it survived. The impact from imbalanced current in two branches
during shortcircuit fault is taken out of this scenario.

Fig. 47. Test board for shortcircuit degradation test.

The test set manages to run more than 35 shortcircuit pulses on the same GaN HEMT
phase leg, under 400 V bus voltage, and with a 5 min interval between each pulse. Since the PCB
does not have a current measurement point, only the Vds and Vgs are captured for each test. Some
of the waveforms are overlapped in Fig. 48 to show the trend of the parameter change after each
pulse.
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Fig. 48. Overlapped repetitively shortcircuit test waveforms.

The pink curve is the current measurement from a Rogowski coil measured on the mother
board. By comparing this measurement with a shunt resistor measurement, it is obvious that the
waveform from the Rogowski coil is not real. The Vgs curves overlap with each other, from test
to test, very well. The Vds shows a clear and consistent decrease when the device runs into
saturation region, as the test progresses. The voltage sharing change may be due to heat
accumulating in the die, which affects the Rds(on) of the devices, and the voltage drop on the GaN
HEMT.
Since the device shows a capability of sustaining more than 35 shortcircuit pulses,
without displaying a significant degradation effect, the fast shortcircuit test pauses at the 36th
test. The next step, a shortcircuit test with device characterization, will be carried out to study the
degradation effect of a GaN HEMT.
There are concerns the huge current and heat during a shortcircuit may degrade the
device and influence its routine operations. The two key parameters of greatest concern are the
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Rds(on) and threshold voltage since they affect the loss and switching speed in a continuous run.
The test plan is focused on the variation of these two parameters after a shortcircuit; therefore,
the two devices in one phase leg will be repetitively shorted and characterized after each pulse.
To eliminate the effect from a paralleled GaN structure, and narrow the focus on the device
itself, only one device will be shorted, instead of two GaNs in parallel. The complete test plan is
described below in Table 3.
Table 3. Test plan for shortcircuit degradation effect.

Board

B

C

D

E

Task

Short 200 ns every
2 hrs, characterize
1.5 hrs after test

Short 200 ns
every 4 hrs,
characterize 3.5
hrs after test

Short 200 ns
once every day

Short 500 ns
once per day

Target

Verify the influence of shortcircuit intervals on
characterization results

Verify
degradation
effect from
shortcircuit
time

Five identical PCBs, with the devices, will be prepared, and all will start the test together.
Groups B, C, and D are designed to study both the degradation effect from a 200 ns shortcircuit
test and the thermal recovery effect after the shortcircuit test. The E group is selected to validate
the shortcircuit robustness under a 500 ns shortcircuit pulse; therefore, the phase leg will be
shorted and characterized after a certain amount of time and shorted again.
In order to fulfil this task without designing a new PCB, a current paralleled GaN phase
leg is modified as follows, in Fig. 49. The footprint for a paralleled GaN HEMT is utilized as a
characterization pin. Three short wires are soldered on the pad and shorted with the other GaN
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pad; therefore, when performing device characterization, instead of soldering and desoldering the
GaN switch, the whole PCB is inserted into the curve tracer.

Fig. 49. Modified test board for shortcircuit test and characterization.

The characterization results from the B, C, and D groups show the device
characterization time after the shortcircuit test, has a huge impact on the characterization result.
It is clear to see, both at the on resistance and on threshold voltage, when the waiting time
between the shortcircuit and characterization increases, the parameter variation decreases. The
GaN HEMT may “recover” after the shortcircuit time, but the recovery takes several hours for
the device to reset to a stable point.
The characterization from the B group is in Fig. 50. The phase leg is repetitively shorted
15 times and characterized two hours after the shortcircuit test. The Rds(on) for this group indicates
an increasing trend after the test. The variation on the Rds(on) reaches 6.64 percent. The threshold
voltage variation does not have a consistent changing trend, but the variation is big, which
measures at 16.13 percent. When the device was characterized again, 24 hours after the 15th
shortcircuit pulse, both the Rds(on) and the threshold voltage measurement, overlapped with the
original curve. This phenomenon points to a device recovery effect after the shortcircuit test.
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(a) B group on resistance characterization result.

(b) B group threshold voltage characterization result.
Fig. 50. Characterization result after 200 ns shortcircuit test. With 2 hours interval (a) On resistance, (b)
Threshold voltage

The C group, shown in Fig. 51, is shorted for the same pulse length but characterized in
four-hour intervals. Both the Rds(on) and Vth have an increasing trend after each test; however, the
variation is much smaller than the B group, showing only 2.59 percent for the Rds(on) and 6.13
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percent for Vth. Similar to the B group, the device for the C group was measured again 24 hours
after the ninth pulse. The Rds(on) drops to its original value. The threshold voltage also moves
back a little but does not match as well as shown in the B group.

(a) C group on resistance characterization result.

(b) C group threshold voltage characterization result
Fig. 51. Characterization result after 200 ns shortcircuit test. With 4 hours interval (a) On resistance, (b)
Threshold voltage
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The parameter variation from the D group, which is measured 24 hours after the
shortcircuit test, is further decreased, with only 1.37 percent for the Rds(on) and 2.64 percent for
the Vth.
Taking into account the measuring error from the connection and the curve tracer, the
variation on both the on resistance and the threshold voltage are negligible. The recovery effect
may not be obvious and definitive looking at one group result; however, when comparing the
results across the three test sets, it is clear the device shows a different characterization at a
different time after a shortcircuit fault.
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(a) D group on resistance characterization result.

(b) D group threshold voltage characterization result
Fig. 52. Characterization result after 200 ns shortcircuit test. With 24 hours interval (a) On resistance, (b)
Threshold voltage
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To further investigate the recovery effect, one phase leg is shorted and repetitively
characterized every half hour. The new characterization result is in Fig. 53.

(a) On resistance characterization result on recovery effect.

(b) Threshold voltage characterization result on recovery effect
Fig. 53. Repetitively characterization result on recover effect after one shortcircuit pulse. (a) On
resistance, (b) Threshold voltage
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The characterization results on the Rds(on) and Vth at every half hour or one hour are
plotted on the same graph. It is obvious the curves on the threshold voltage measurements keep
decreasing and stabilize after about four hours. This phenomenon matches with the results from
the B, C, and D groups. The device recovers after a shortcircuit test, and the characterization
accuracy is influenced. If the measurement taken 24 hours after the shortcircuit test is
trustworthy, then the degradation effect on the GaN HEMT can be ignored. This recovery effect
may come from the hot and trapped charges at the gate, excited by the surge current and heat.
This special recovery effect has been mentioned in [24]. During shortcircuit tests, the
huge stress creates traps in the drain region, and these traps are immediately occupied. The
results of this process lead to a carrier concentration reduction in the drain. When the stress is
removed, the electrons will be released by the traps; therefore, in this experiment, we found that
the characteristic results are highly influenced by time.
Also, in [24], it suggests that the recovery can be helped by microscope light and high
temperature. By applying positive Vgs, light and increased temperature, the electron detrapping
occurs faster.
Next, the same repetitive shortcircuit test is conducted on a new phase leg, with the pulse
length increased to 500 ns. This group’s purpose is to test how many 500 ns shortcircuit pulses
the device can tolerate, as well as the degradation effect on its Rds(on) and Vth, if any, because 500
ns is very close to the device limit under a 400 V bus.
The first group of devices failed at the second pulses, so only one set of characterization
results were captured after the shortcircuit test. Since the devices failed, new devices are
mounted on the PCB to confirm the observation by repeating the same test. The second group of
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devices failed after the third pulses. The conclusion is then made the GaN HEMT can only bear a
few shortcircuit pulses under 400 V which last 500 ns. This indicates the GaN transistor has very
weak shortcircuit robustness. If one tries to design shortcircuit protection for a GaN HEMT, it
should be able to turn off the GaN HEMT in a 500 ns range. Also, if the device has been shorted
for around 500 ns and is still functional, the device should still be replaced for safety and overall
system reliability.
The characterization results from the first group show after one test, the Rds(on) increases
10 percent, and the threshold voltage didn’t change very much, since only a 2 percent variation
was observed. The characterization result from the second group shows a different result. Both
the variation of the Rds(on) and Vth are very small, below 2 percent. The variation degree of the
second group matches the results collected from the 200 ns test board.
The overall message is the shortcircuit test has a very limited effect on the Rds(on) and Vth,
and the device is very steady with 200 ns shortcircuit pulses but can be very fragile when the
pulses increase to 500 ns.
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Below in Fig. 54 and Fig. 55 are the test results from the 500 ns shortcircuit group.

(a) On resistance

(b) Threshold voltage
Fig. 54. Group I characterization results after 500 ns shortcircuit test. With 24 hours interval (a) On
resistance, (b) Threshold voltage
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(a) On resistance

(b) Threshold voltage
Fig. 55. Group II characterization result after 500 ns shortcircuit test. With 24 hours interval (a)
On resistance, (b) Threshold voltage

71

The GaN HEMT device demonstrates very strong shortcircuit robustness for 200 ns
shortcircuit pulses, and failed within a few pulses for the 500 ns case. However, the robustness
for the GaN HEMT device for shortcircuit cases between 200 ns and 500 ns remains unknown.
To study cases between 200 ns and 500 ns, and to find the true limit of the device under 400 V
bus in phase leg structure, new tests that short the device for 300 ns, 350 ns and 400 ns,
respectively, are carried out.
Two new GaN HEMTs were mounted on the same PCB as shown in the previous
degradation tests. These HEMTs were repetitively shorted for 300 ns, with a 5 min waiting time
in between shortcircuit tests. The test results show that the device did not break for 20
consecutive pulses. Therefore, for the 300 ns tests, the device is considered to have similar
shortcircuit robustness as in 200 ns case.
Since the device did not break for the previous 20 pulses, the shortcircuit pulse length
was increased to 350 ns and tested again. In this case, the device broke during the 12th pulse. To
verify this phenomenon, the failed GaN HEMTs were replaced by two new sets of devices and
tested again. The new set of GaN devices failed during the 4th pulse.
Next, for the 400 ns case, the GaN HEMT failed during the 3rd pulse. This result agrees
with the previous conclusion that the device has very weak shortcircuit robustness when it has
been shorted for approximately 500 ns.
After this series of tests, the new shortcircuit limit of the device was lowered to 350 ns. In
conclusion, it is shown that the device shortcircuit robustness begins to decrease when the
shortcircuit time is longer than 300 ns.
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Chapter 6
Conclusions and Future Work

A GaN HEMT can block high voltage and convey high current while paralleling several
devices. The need to test the reliability of GaN power switches and to explore its protection
methods is growing as its handling capability increases.
In this work, a gate driver design for a paralleled 650 V/60 A GaN E-HEMT phase leg is
presented. A shortcircuit protection scheme via desaturation detection is realized on the phase leg
using a commercial gate driver IC. In addition, a Miller clamp feature is added to each device to
protect the gate and suppress the Vgs overshoot.
The function of the shortcircuit protection method is verified on a DPT-like structure.
The protection method is proven to be functional on the paralleled GaN phase leg under high
power. The fastest turn off time is around 200 ns. This best-case scenario happens when the
device is shorted 250 ns after being switched on. The worst-case turn off time is 500 ns. The
delay is caused mainly by the gate driver fixed blanking time. This case occurs when the device
runs into a shortcircuit mode while turned on.
The captured waveforms during the shortcircuit tests show the current increased at 11 A/
ns during the shortcircuit and saturated at 500 A for two GaN HEMTs in parallel. The current in
the power loop shows a saturation effect during the shortcircuit test. This feature makes
desaturation detection suitable for GaN shortcircuit protection.
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Although the protection scheme can save a GaN HEMT from a detrimental break down
during a shortcircuit, the limitation of the device itself is problematic to confidently tune the
protection feature and run in a continuous test mode. The device degradation test shows when
operating under a 400 V bus, the device can only survive 600 ns in a shortcircuit and cannot be
repetitively shorted for 500 ns. The worst-case shortcircuit energy dissipated by the GaN HEMT
is 60 mJ which means this device demands a very accurate shortcircuit fault detection method
and a very fast protection response time.
The very low threshold voltage makes the GaN HEMT very fragile to false turn on.
Driving with negative voltage will increase losses so a Miller clamp is needed to improve its
performance and to enhance system reliability. With a Miller clamp design, the Vgs overshoot
and undershoot are reduced to a safe region.
In the future, in order to better protect the GaN HEMT, new gate driver design should be
explored. Desaturation detection with discrete components needs to be designed to limit the
protection time to around 300 ns. Also, blanking time needs to be tuned to pass the continuous
test. In addition, other protection methods that are practical and effective should be explored.
The static characterization result shows the device Rds(on) and saturated current level are
greatly influenced by temperature so this can also be an issue for the device shortcircuit
protection. Eventually, the temperature of this device may increase to 80 °C. Desaturation
detection threshold voltage needs to be tuned properly to protect the devices over a large range of
temperature. New tests that focus on shortcircuit behavior under various temperatures would be
valuable.

74

References
[1] B. Sun, R. Burgos, N. Haryani, S. Bala and J. Xu, "Design, characteristics and application of
pluggable low-inductance switching power cell of paralleled GaN HEMTs," IECON 2017 - 43rd
Annual Conference of the IEEE Industrial Electronics Society, Beijing, 2017, pp. 1077-1082.
[2] GaN systems,"GS66516T Top-side cooled 650 V E-mode GaN transistor Preliminary
Datasheet,” GS66516T datasheet, Aug, 2018.
[3] Panasonic, “Failure Mechanism of Semiconductor Devices.” [Online]. Available:
https://industrial.panasonic.com/content/data/SC/PDF/ww_aboutus_reliability_t04007be-3.pdf.
[Accessed: 29-Dec-2017].
[4] H. Li et al., "E-mode GaN HEMT shortcircuit robustness and degradation," 2017 IEEE
Energy Conversion Congress and Exposition (ECCE), Cincinnati, OH, 2017, pp. 1995-2002.
[5] S. Mocevic et al., "Comparison between desaturation sensing and Rogowski coil current
sensing for shortcircuit protection of 1.2 kV, 300 A SiC MOSFET module," 2018 IEEE Applied
Power Electronics Conference and Exposition (APEC), San Antonio, TX, 2018, pp. 2666-2672.
[6] K. Sun, J. Wang, R. Burgos, D. Boroyevich, Y. Kang and E. Choi, "Analysis and design of
an overcurrent protection scheme based on parasitic inductance of SiC MOSFET power
module," 2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San
Antonio, TX, 2018, pp. 2806-2812.
[7] E. A. Jones, P. Williford and F. Wang, "A fast overcurrent protection scheme for GaN GITs,"
in IEEE 5th Workshop on Wide Bandgap Power Devices and Applications (WiPDA),
Albuquerque, 2017.
75

[8] B. Huang, Y. Li, T. Q. Zheng and Y. Zhang, "Design of overcurrent protection circuit for
GaN HEMT," in IEEE Energy Conversion Congress and Exposition (ECCE), Pittsburgh, 2014.
[9] K. Joshin, T. Kikkawa, S. Masuda and K. Watanabe, "Outlook for GaN HEMT technoloty,"
Fujitsu scientific & technical journal, vol. 50, pp. 138-143, 2014.
[10] GaN Systems, Appl. Note GN001 Application Guide Design with GaN Enhancement mode
HEMT, pp.3.
[11] T. Bertelshofer, A. Maerz and M. M. Bakran, "Design Rules to Adapt the Desaturation
Detection for SiC MOSFET Modules," PCIM Europe 2017; International Exhibition and
Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy
Management, Nuremberg, Germany, 2017, pp. 1-8.
[12] J. Wang, Z. Shen, R. Burgos and D. Boroyevich, "Integrated switch current sensor for
shortcircuit protection and current control of 1.7-kV SiC MOSFET modules," 2016 IEEE Energy
Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-7.
[13] Z. Wang, X. Shi, Y. Xue, L. M. Tolbert, F. Wang and B. J. Blalock, "Design and
Performance Evaluation of Overcurrent Protection Schemes for Silicon Carbide (SiC) Power
MOSFETs," IEEE Trans. Ind. Electron., vol. 61, no. 10, pp. 5570–5581, Oct. 2014.
[14] B. Sun, R. Burgos, X. Zhang and D. Boroyevich, "Differential-mode EMI emission
prediction of SiC-based power converters using a mixed-mode unterminated behavioral model,"
2015 IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC, 2015, pp.
4367-4374.

76

[15] Bingyao Sun and R. Burgos, "Assessment of switching frequency impact on the prediction
capability of common-mode EMI emissions of SiC power converters using unterminated
behavioral models," 2015 IEEE Applied Power Electronics Conference and Exposition (APEC),
Charlotte, NC, 2015, pp. 1153-1160.
[16] B. Sun, R. Burgos and D. Boroyevich, "Ultra-low Input-Output Capacitance PCBEmbedded Dual-Output Gate-Drive Power Supply for 650 V GaN-Based Half-Bridges," in IEEE
Transactions on Power Electronics. doi: 10.1109/TPEL.2018.2828384
[17] B. Sun et al., "Two comparison-alternative high temperature PCB-embedded transformer
designs for a 2 W gate driver power supply," 2016 IEEE Energy Conversion Congress and
Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-7.
[18] B. Sun, R. Burgos and D. Boroyevich, "2 W Gate drive power supply design with PCBembedded transformer substrate," 2017 IEEE Applied Power Electronics Conference and
Exposition (APEC), Tampa, FL, 2017, pp. 197-204.
[19] Fairchild, “Active Miller Clamp Technology.” [Online]. Available:
https://www.fairchildsemi.com/application-notes/AN/AN-5073.pdf. [Accessed: 19-April-2018].
[20] J. Wang, Z. Shen, C. DiMarino, R. Burgos and D. Boroyevich, "Gate driver design for
1.7kV SiC MOSFET module with Rogowski current sensor for shortcircuit protection," in Proc.
2016 IEEE Applied Power Electronics Conference and Exposition (APEC), Long Beach, CA,
USA, 2016, pp. 516–523.
[21] G. Lakkas, “MOSFET power losses and how they affect power-supply efficiency," Analog
Applications, no. April, pp. 42-44, 2016.

77

[22] R. S. Chokhawala, J. Catt and L. Kiraly, "A discussion on IGBT short-circuit behavior and
fault protection schemes," in IEEE Transactions on Industry Applications, vol. 31, no. 2, pp.
256-263, Mar/Apr 1995.
[23] C. Chen, D. Labrousse, S. Lefebvre, M. Petit, C. Buttay, and H. Morel, “Study of shortcircuit robustness of SiC MOSFETs, analysis of the failure modes and comparison with BJTs,”
in Microelectronics Reliability, vol. 55, no. 9–10, pp. 1708–1713, 2015.
[24] J. Joh and J. A. del Alamo, "Mechanisms for Electrical Degradation of GaN High-Electron
Mobility Transistors," 2006 International Electron Devices Meeting, San Francisco, CA, 2006,
pp. 1-4.

78

