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Abstract

Adrien Lambert, Adrien.lambert@st.com
Adrien Lambert, Adrien.lambert@st.com

The study consists in analyzing the robustness of 650 V GaN HEMT components in case of short-
circuits. The objective is to develop a test bench for repetitive short-circuits to a component. Electrical
characterizations will be carried out before and after the short-circuit cycles to identify the possible
parameters drift of the tested devices, to identify the failure mechanisms. Parametric variations have

been observed.

1 Introduction

Wide-band gap (WBG) components, and
specifically gallium nitride (GaN) High Electron
Mobilty Transistor (HEMT) , are expected to be
highly promising in the field of power electronics.
Indeed, these transistors have enviable
performances with reduced conduction and
switching losses and thus a high cutting frequency,
up to a few MHz. Nevertheless, a proven
robustness and reliability are essential for their
commercialization on a large scale, in particular in
the automotive field with traction control system of
electric vehicles or in the aeronautics field. With
simultaneous high-voltage and high-current, short-
circuits represent one of the most undesirable
events due to the significant amount of energy to
be dissipated [1]. Two types of short-circuit are
mainly distinguished, type | (a hard switching fault,
the component is gated on under full tension) and
type Il (a fault under load, the fault appears while
the component is gated on). Type |, considered as
the most frequent and de facto preferred for testing,
is studied here.

The study of short-circuits began a few years ago,
with initial work observed in 2013 [2]. However, it
remains limited in several respects. The normally-
off technology of p-GaN and cascode components
has been studied almost exclusively. Current
studies of enhanced mode (e-mode) components

based on p-GaN components have revealed that
the highest voltages could only be achieved at the
cost of concessions (overheated environment,
increased gate resistance) ([1], [2], [3.], [4], [5], [6],
[71). To the best of our knowledge, very few, if any,
papers focus on normally-on technology depletion
mode (d-mode). What is more, current studies are
mainly concerned with the robustness of
components to a single short-circuit and the time
to failure.

The study presented here differs in several ways:
normally-on components, MIS-HEMT technology
(insulated gate HEMT[1]) and normally-off
(p- GaN[1]) components are chosen. P-GaN
technology is chosen as this structure seems to be
preferred in the current industrial development.

Component Vth Id Rds_ON
D-mode -125V | 10A | 250 mQ
p-GaN Batch 1 1.8V 15A | 120 mQ
p-GaN Batch 2 [ 1.7V 11A | 150 mQ

Table 1  Different types of studied components

In addition, it has been chosen to study the impact
of repetitive, non-destructive short-circuits, as the
severe damage of the component complicates the
study. What is more, in a real-life application, the
aim is to have only non-destructive short-circuits,
repeated a few times in the life of the converter.
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These short-circuits are interspersed with
electrical characterizations to identify parametric
variations and gain a better understanding of
degradation and failure mechanisms. The study of
induced damage is therefore a key point and it will
contribute to the design of more short-circuits
robust chips.

2 Test Set-Up

2.1 Technical Choices

Previous short-circuit studies has often reported
high overvoltage (>100 V) limiting the drain-source
voltage range during short-circuit testing [1].
Because of the very fast current fronts typical of
GaN technology, any parasitic inductance in the
PCB power loop leads to a significant overvoltage
at the component level and turns out to be
deleterious.
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For the studied DUTs, with a short-circuit current
of around 50 A (low estimate) and a typical
switching time of 20 ns, a parasitic inductance of
80 nH causes 200V of overvoltage! The circuit
has therefore been designed to reduce the wiring
inductance as much as possible. The protection
element, often active switch like IGBT, considered
highly inductive, is replaced here by an SMD fuse,
which likely preserves the circuit before its
destruction. To reproduce short-circuit conditions,
and in particular the rapid rise of a high-current,
while minimizing the voltage drop, two capacitors

of 2 yF (ceramic with ultra-low ESR, Cs) and 133
MF (polypropylene, Cy) respectively are connected
in parallel. The test bench consists of three key
elements: the power mother board with capacitors,
fuse, and current measurement shunt; the "device"
daughter board with the transistor encapsulated in
its sarcophagus, and the driver section for -24 V /
OVor-3V/+6V control.

Fig.3 Device Daughter Board and Power mother
Board
Fig. 4 3-D printed sarcophagus

To reduce component handling, which could affect
these electrical properties, the daughter board has
been designed to be easily connected to the
Keysight B1505A characteristic tracer. In addition,
to avoid soldering/unsoldering of components on
this daughter board, and thus cause significant
thermal stress, a 3D-printed sarcophagus was
designed to maintain the component and ensure
pressure conduct|on (Flg 4).

SARCOPHAGUS

Fig. 5 Daughter Board with Attached Driver



Similar electrical characterizations with a brazed
component ensured that the sarcophagus did not
interfere with the component electrical properties.

2.2 First Optimisation of the Test-Bench
Set-up with D-mode components

2.2.1 First Short-circuits

Particular care has been taken to reduce parasitic
inductances in advance. This involves careful
routing and optimised compactness, as well as
surface-mounted components with reduced ESL
(Equivalent Series Inductances).

Despite this, the first short-circuits caused
significant disturbance and the bench had to be
adjusted. The first short-circuit was conducted for
drain-source voltage Vps of 10 V. Non-negligible
overvoltages are observed at turn-off on Vgs and
Vps signals. For Vps = 50V, the signals oscillate at
the risk of damaging the component or even
causing it to break. Solutions therefore had to be
found.
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Fig. 6 First short-circuit with unstable behaviour
2.2.2 Impact of Voltage Probes (Vps, Vas)

The observed overvoltages and oscillations
necessarily raise the impact of the probes to the
extent it can be questioned if the observed
perturbations are an artifact of the probes or are
truly undergone by the component. For this

purpose, a spice simulation of the experimental
bench has been developed.
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The spice simulation presents the significant
interest of being able to access the voltages within
the component to compare them to the voltages
observed through the probes. A passive probe
model is therefore developed

Fig. 7 Probe Spice model inspired by [8], [9], [10]

According to the results of simulation, the probes
do not necessarily represent the reality of the
signals observed on the oscilloscope. Different
types of probes are tested. The Vgs signal is
considered to be the most critical, so the study of
the impact of the probes is focused on this signal.
Three types of probes were studied: passive,
differential and optically isolated differential. The
different types of probes are summarized in the
table below.

Type Manufacturer | Reference
Passive Probe Tektronix TPP0500B
Differential Probe | Tektronix THDP0100
Optically isolated | Tektronix TIVM1
differential probe

Table 2  Different types of used probes

Several tests are carried out at a reduced voltage
Vps = 10 V. In the case of differential probes, Vas
signals are directly obtained while it is calculated
by subtracting the Ve and Vs signals when using
passive probes.

Fig. 8 shows the full sequence of short-circuit while
Fig. 9 focuses on the turn-off, the most-critical
judged moment.

The differential probe, instead of improving the
measurement, exacerbates the noise. The
differences in the Vgs signal depending on the type
of probe used are clearly visible. The differential
probe is surprisingly the most disturbed, perhaps



because its use requires an electronic box, : X X
potentially disturbed by the magnetic field radiated Type of config. | Technical choices
by the experimental bench. Passive probes Config. 1 shunt mass side of PS ground
therefore turn out not to be the worst. The least Config. 2 shunt mass side of DUT
noisy signal comes from the optically isolated :
probe Config. 3 no shunt
6o Config. 4 optimized shunt, mass side PS
a0 Config. 5 optimized shunt, mass side DUT
201 Table 2  Different configurations to analyse the
—~ 0! impact of shunt
>
o —204 Fig. 10 shows the entire duration of the short-
S a0 circuit, while Fig. 11 shows a zoom of Vps during
6ol the turn-off. It can be seen that, although the
| ——Differential Probe direction of the shunt is of little importance in terms
—80| —— Ppassiv Probes of overvoltages on Vps with very similar
—100 (] 'saVu Probe overvoltage between config 1 and 2, reducing the
-10 -08 —06 —04 —02 00 02 04 parasitic inductance generated by the shunt loop
Time (ps) significantly reduces the overvoltage on Vps from
Fig. 8 Comparison of probes during short-circuit (full 75 V.
sequence)
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2.2.3 Impact of Current Sensing (ls) — config 4
The shunt has its own inductance, and adding it to 60 = config 5
the board causes parasitic inductances. It was 06 0.4 0.2 00 02
therefore investigated to what extent the shunt
could have an impact.
It was studied whether the direction of the shunt _
ground position had an influence. Different test g 50
configurations were carried out. For config. 1, the = 25 config 1
ground leg of the shunt was soldered to the ground s — config 2
side of the high-voltage supply (in red on the < 01 config 3
diagram below), while for config. 2, the shunt = 25 — config 4
ground was soldered to the source side of the 50 = config 5

device (in blue on the diagram below). The 04 02 00 0.2
reduction of the loop formed by the shunt legs was Time (ps)

also studied, to reduce the parasitic inductance

caused. This corresponds to the optimized case Fig.10  Short-circuits measures considering several
and to configurations 4 and 5. Config. 3
corresponds to the absence of a shunt.
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Reducing the parasitic inductances of the shunt
significantly reduced the power loop and Vps
oscillations during Turn-OFF. A gradual rise in
voltage could then be achieved for normally-ON
components. Config.1 has been maintained.
Tests for longer conduction times were also
carried out. Tests for longer conduction times were
also carried out.It can be noted in Fig.13 that the
overvoltage is constant, what underlines it only
depends current and inductance.
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Fig. 13  Short-circuit for a gradually increased Vbs

2.3 Second Optimisation for N-OFF

Components

The study is extended to normally-OFF devices,
with p-GaN devices from two manufacturers
(called batch 1 and batch 2) with similar
characteristic. While the tests on the batch 1 did
not pose any problems for drain-source biases of
100 V and 200V (Fig. 14), it turns out to be
different for batch 2. Various ways of
improvement have been explored.
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2.3.1
Increasing the gate-resistor was the first idea.

Impact of the Gate-resistance

Indeed, by increasing gate-resistance, the authors
[11] have observed an improvement in signals that
had previously been disturbed by short-circuiting.
It was tested to increase the Rgorr resistance to
33 Q compared with 22 Q previously used. It did
not improve the shape of signals at both
Vps =100V and 200V. Given the lack of
improvement and the fact that Rgorr cannot be
increased indefinitely, as the industry favours low
value of gate-drive resistance to minimise losses,
the impact of Ryorr is not studied further.

2.3.2

Considering the absence of any improvement to
the experimental bench and in view of the very
high disturbance of the Vgs signal, it was decided
to study the common-mode currents at the driver.
The study focuses on the wire connection between

Impact of Common Mode Current

the driver power supply board and the driver board.

5 \ , % e % -t ., = ~
Fig. 16 Driver Power Supply (left) and driver Boards
(right)

The initial configuration includes four connection
wires (V+Drive, V-Drive, +5V opto, GND) between
the driver power supply card and the driver. A first
attempt at improvement was made by removing
the wires by pinning the cards via the white con-
nectors shown in the photo above. This first solu-
tion is unsatisfactory, and even degrading.

Ferrite torus are then inserted into the wire
connection

Fig. 17 Isertion of Ferritéforus in the drier wires

The wires are first looped twice around the ferrite
cores.
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Fig. 18 Comparison between a direct connection
without or with ferrite torus (looped twice)
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The signals shown in Fig. 17 demonstrate a
appreciable reduction of disturbance. Considering
that it was decided to increase the looping through
the torus from two to five times. The first
improvement is noticeable at Vps = 100 V. At Vps =
200 V, shown in Fig. 18 , the results were
indisputable with a significant stabilization.
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3 Results

The bench has been optimized to allow repetitive
short-circuits of variable duration and Vps
polarization. Progressive voltage increases are
achieved.

A distinction is made in this study between
normally-ON, or D-mode, components from
manufacturer 1 and normally-OFF or P-GaN
components from manufacturers 1 and 2.

The components are subjected to a series of short-
circuits of variable duration and variable Vps
polarization. Before and after each series of short-
circuits, the components are characterized using a
B1505 electrical tracer to record parameters such
as Threshold Voltage (Vi) and on-state resistance
(RdsON). Each initial series of measurements
includes the "Triple-Sens” [12] Vi reset protocol,
allowing a reliable initial Vi, value to be taken into
account.

3.1 D-mode

Optimization of the test bench enables the voltage
to be ramped up to the breaking point with a

maximum polarization Vps = 325 V.

The B01505 characterizations reveal a variation in
the threshold voltage. Figures ... and ... show
respectively the variation of Vi in value or in
relative terms to its initial value before short-circuit.
This Vi variation is shown as a function of the
energy accumulated during successive short-
circuits.The study was continued for components
in batch B, for polarization Vps = 200 V and
conduction times varying from 400 ns to 1 ps .

Fig. 20 shows the last three consecutive short-
circuits experienced by component 17B. The
failure before the end of the last short-circuit
demonstrates the fatigue of the component due to
the accumulation of successive short-circuits.
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Fig. 20 Breakage of batch B component before the
end of short-circuit

3.1.1.1 Static Variation

Fig. 21 and Fig. 22 illustrate the influence of repeti-
tive short-circuits on the threshold voltage, in some
cases with a variation of more than 10%.
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It is interesting to note the overall trend emerging
from the multiple tests on the components in batch
B, with a general reduction in threshold voltage to
values even more negative than the initial value.
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3.1.1.2 Dynamic Variation

As it is represented in the Fig. 23, an increase of
the drain current was noted during the repetitve
short-circuits on a part.
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Fig. 23 Zoom on the drain current of component 17B
during a series of consecutive short-circuits.

3.2 Normally-Off

3.2.1 P-GaN Batch 1

The p-GaN components in batch 1 are highly
robust, which means that conduction times can be
extended to as little as 10 ys. It was also possible
to carry out a voltage rise, with a recorded break
for Vps = 400 V and 2 us of conduction as shown
in Fig. 24. The progressive degradation of the Vgs
and Vps signals at turn-ON can be seen as the
voltage increases in Fig. 24.
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Fig. 24 Drain current signal for a progressive Increase
of the conduction time for p-GaN component
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3.2.1.1Vth Variation

Significant Vi variations have been observed as
shown in Fig. 26 and Fig. 27.

To make these measurements reliable, witness
component number 34, known as the "Golden
Device" is used. This golden device is not short-
circuited, but is characterized at the same time as
other component. Small variation in Vth for the
Golden device compared to short-circuited
components demonstrates the impact of short-
circuits on the variation in threshold voltage. It
would be interesting to develop a measurement
protocol which includes a temperature calibration.
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3.2.1.2 Rds-ON Variation
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In view of the large variation in threshold voltage,
an analysis of the possible variation in Rds-ON is

carried out. In the same way as for the Vi, study, a
component is taken as golden device. With a
variation of Rds-ON below 1% between each
characterization, it demonstrates that variation
observed in short-circuited component is
imputable to this specific stress. Fig. 28 shows a
variation of Rds-ON between 5 and 10% for a
short-circuited component.

3.2.2 P-GaN Batch 2

Although the p-GaN components in Batch 2 are
also more robust than the D-mode components
studied, they broke more easily than p-GaN
batch 1 with a maximum Vps of 300 V. Component
failure does not always occur during conduction or
at turn-off, as shown in the Fig. 29 below, which
illustrates component failure AFTER turn-off.
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Fig. 29 Breakage after turn-off for p-GaN batch 2

3.2.2.1Vy, Variation

The potential variation of Vi, is also studied and
gives results considered similar to p-GaN batch 1,
although slightly lower in variation and leads to
Rds_on study.
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3.2.2.2 Rds-ON Variation

As the batch 1, the variation of Rds-ON is studied.
After a series of short-circuits, a variation of more
than 10% is noted in Fig. 32 in comparison to the
initial situation, before the short-circuits. In the
same way as batch 1, a golden device was taken,
with a variation of less than 1% in the absence of
short circuit, what demonstrates the impact of
short-circuit.

20
=== Charac. 1
10/ == Charac. 2

0
-10/ &Hw

~295

Rds ON Variation(%)

35 4.0 45

Vgs (V)

50 55 6.0

Fig. 32 Rds-ON variation for p-GaN batch 2

4 Conclusion

By optimizing the test bench, repetitive short-
circuits were applied to normally-ON and normally-
OFF components. Degradations were observed
with non-negligible drift of static parameters such
as the threshold voltage Vi and the on-state
resistance. In the case of normally-ON com-
ponents, a few dynamic variations of the short-
circuit drain current were observed.
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