©=2d Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

12th Int. Particle Acc. Conf.
ISBN: 978-3-95450-214-1

IPAC2021, Campinas, SP, Brazil
ISSN: 2673-5490

JACoW Publishing
doi:10.18429/JACoW-IPAC2021-THPAB340

SUB-NANOSECOND SWITCHING OF HYV SiC MOS TRANSISTORS
FOR IMPACT IONISATION TRIGGERING

V. Senaj, A. A. del Barrio Montanés, T. Kramer, CERN, Geneva, Switzerland
M. Sack, KIT, Karlsruhe, Germany

Abstract

Pulse generators with multi kV/kA pulses are necessary
in particle accelerator environment for beam transfer mag-
nets. Traditionally these generators are using thyratrons —
until recently the only switches capable of switching such
pulses within tens of ns. There is a strong demand to re-
place thyratrons by semiconductor switches to avoid their
future obsolescence. Very promising candidates are com-
ponents from the family of fast ionisation dynistors trig-
gered by impact ionisation. Their sub-nanosecond switch-
ing time and extreme current densities can provide perfor-
mances superior to that of thyratrons. Recent investigations
showed that impact ionisation triggering is feasible also in
cheap industrial thyristors. The main issue is the generation
of triggering pulses with slew rates in the multi kV/ns re-
gion and with the required output current for charging the
parasitic capacitance of the thyristor. We present an ap-
proach of generating > 1kV/ns pulses by ultra-boosted
gate driving of HV SiC MOS transistors. We found that the
MOS lifetime under these extreme triggering conditions
can still reach more than 10% pulses — enough for kicker
generator applications in particle accelerators.

INTRODUCTION

Fast beam transfer kicker magnets in particle accelerator
environment require up to 80 kV and 30 kA rated pulse
generators. Presently used thyratrons suffer from various
imperfections like current and total conducted charge lim-
itation, risk of spontaneous firing, need of complex trigger-
ing and biasing electronics and risk of the future obsoles-
cence due to limited market demand. A very promising re-
placement candidate is the family of the components de-
rived from Fast Ionisation Dynistors (FID) — a concept de-
veloped at the Ioffe institute in St. Petersburg [1]. The con-
cept is based on the generation of a fast ionisation wave
front inside the reversely biased p-n junction, leading to the
creation of an electron-hole plasma with electric field col-
lapsing in the region already filled with e-h plasma and re-
sulting in an ionisation front propagating with a speed
higher than the charge carrier velocity. Thus, sub-nanosec-
ond switching can be achieved with a current slew rate and
current densities not achievable under normal trigger-
ing [2]. Recently it was shown that standard slow industrial
thyristors can be triggered in the same way [3] as well as
highly interdigitated fast switching GTO-like thyris-
tors [4]. The generation of the HV triggering pulse with
dU/dt > 1 kV/ns is challenging and the solution tradition-
ally used is based on a drift step recovery diodes (DSRD)
— components not commercially available yet. Another in-
convenience of this solution is the time delay necessary to
build-up the current in an energy storage coil and for
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DSRD charge pumping, which is difficult to reduce under
several hundreds of ns. This presents a significant limita-
tion for a component capable of sub-ns switching which
must wait hundreds of ns for the triggering generator
charging-up and cannot hence fully profit from its speed in
accelerator systems where short turn-on delay is required.

One of the alternatives to DSRD based generators is a
photoconductive semiconductor switch (PCSS) based so-
lution proposed in [5]. It requires a powerful laser for PCSS
activation and very fast laser driver using an S-diode for
laser current pulse sharpening. The remaining problem of
this solution is the PCSS lifetime and commercial availa-
bility PCSS and S-diode.

METHOD

We propose a fast generator based on the boosted com-
mutation of a cheap commercially available HV SiC MOS.
The “gate boosting” technology was described in recent
works done at KIT [6]. Increasing of the commutation
speed of silicon IGBTs and MOS transistors was achieved
by a transient triggering pulses with up to 80 V amplitude
to counterbalance the effects of MOS/IGBT leads induct-
ance and internal parasitic capacitances. Reduction of rise
time (Tr) by a factor of up to ~ 8 was reported. In frame of
this work gate voltage at wafer level was measured and the
“boosting voltage” was limited to not exceed recom-
mended maximum gate-source voltage. Later work in-
spired by this technique allowed further shortening of SiC
MOS Tr by a factor of up to ~ 10 [7].

Since our target applications — CERN kicker systems —
are performing up to ~ 108 pulses during their lifetime, we
chose to use a more aggressive triggering approach, poten-
tially reducing component lifetime while keeping it com-
patible with the kicker system lifetime. We did not try to
measure nor to limit the gate-source voltage at wafer level,;
the only parameter we strictly observed was the total in-
jected MOS gate charge (Qtot). We limited it to a value ex-
trapolated from the component datasheet Qtot curve to its
maximum authorised gate-source voltage. This condition
can be automatically fulfilled by a series capacitor Cs be-
tween driver output and the MOS gate with the value ac-
cording to the Eq. (1):

(Udrmax — Ugmax) X Cs = Qtot(@Ugmax), (1)
where Udrmax is the gate driver circuit maximum output
voltage, Ugmax is the absolute maximum allowed gate-
source voltage; Cs is the value of the series capacitor be-
tween driver output and MOS gate and Qtot(@Ugmax) is
the total gate charge value extrapolated from datasheet Qtot
curve to Ugmax. The Eq. (1) is derived from two simple
assumptions: a) the driver output voltage, series capacitor

MC7: Accelerator Technology
T16 Pulsed Power Technology



12th Int. Particle Acc. Conf.
ISBN: 978-3-95450-214-1

and the SiC MOS gate voltages are zero before triggering;
b) after SiC complete turn-on the driver output voltage is
Udrmax, the MOS transistor gate-source voltage is Ugmax
and the series capacitor is charged to the difference be-
tween the two voltages (Udrmax — Ugmax) and it hence
accumulated the charge of Cs x (Udrmax-Ugmax). As Cs
is in series with the MOS gate, the same charge was deliv-
ered to the MOS gate. We intentionally neglect transient
period and accept a limited duration overvoltage on the
gate-source insulator. To fully profit from the gate boosting
principle, the driver output slew rate needs to be very high
as well. Hence, we designed an ultra-fast MOS gate driver
with sub-ns rise time, maximum output voltage higher than
the already published 80V and with sufficiently high output
current. To achieve this performance, the driver needs to be
designed with very low gate charge MOS transistors, using
the components in the smallest SMD packages possible to
create a very compact PCB design with short tracks, care-
fully decoupled supply voltage and with gate boosting of
each driver’s MOS. Since the impact ionization application
requires only fast rising edges, the switch requirements are
reduced to those of a fast-closing switch with no need for
its fast opening. Therefore, the driver design was kept sim-
ple and compact and instead of a traditional totem pole out-
put stage it uses a topology with a pull-up PMOS and a
pull-down resistor, as shown in Fig. 1.
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Figure 1: Schematic of super boosting setup.

RESULTS

Measurement of the driver output voltage with 160 V
supply into a resistive 50 Ohm load (18 GHz attenuator) is
shown on Fig. 2. The output voltage slew rate we measured
is ~ 240 V/ns and transition time from zero to 100 V is
roughly 410 ps but due to the step response of our 1 GHz
scope (350 ps), the real performance is better. Measure-
ment shows interesting negative transient before positive
rise which corresponds to a capacitive coupling from
PMOS gate to drain via its parasitic gate-drain capacitance
before PMOS turn-on starts. The reason is our aggressive
super boosting of the PMOS gate. From the negative tran-
sient duration one can deduce that PMOS turn-on delay is
also in sub-ns region. This negative transient was very
likely the reason for SiC gate damage we observed during
tests at the beginning of this project. To reduce SiC gate
insulator stress, a protection diode between gate and source
was added as shown on Fig. 1.
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Figure 2: Driver output voltage measurement with 160 V

driver supply and 50 Ohm load (attenuator with 18 GHz
BW) on Keysight scope DSO-X 6002 (1 GHz BW).
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Reliability test with 50 Ohm resistive load was done up
to more than 5x10'° pulses with no sign of deterioration.

Measurement of commutation speed on several 1.2 kV
rated Si and SiC transistors operating at 1 kV into 50 Ohm
load with this driver confirmed Tr reduction by a factor of
up to 20. Lifetime tests showed no observable damage to
SiC after more than 50 million pulses.

The most detailed tests were done on 1.7 kV rated SiC
MOS - IMBF170R450M1 from Infineon which recently
became commercially available. We measured Tr of 950 ps
@Uds = 1.3kV with the driver voltage of 160V but in view
of scope BW, the real Tr is certainly shorter. Gate-source
and load voltage measurements for 1.3 kV operation with
160V driver voltage is on Fig. 3.
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voltage (50 Ohm, green, 200V/div) with 160 V driver;
measurement on SiC MOS IMBF170R450M1 operating at
Uds =13 kV.

The gate voltage rise time is logically longer compared
to the resistive load due to gate parasitic capacitances. It
was measured by a 700 MHz passive probe on the leads of
its TO263-7 package right at the plastic body level. Nega-
tive feedback effect of the SiC g-d capacitance is clearly
visible and results in significant reduction of the gate volt-
age during the drain-source voltage collapse. Due to com-
ponent leads/bonding wires inductances and gate parasitic
capacitances the gate overvoltage amplitude at the wafer
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level is lower and duration is shorter than the one we meas-
ured on its leads.

At the beginning of this project it happened, that non-
respecting total gate charge condition described in Eq. (1)
lead to fast degradation of drain-source leakage current un-
til fatal MOS failure. That is why we periodically measure
SiC leakage current during reliability test with the goal to
detect the start of leakage current degradation as a sign of
approaching failure. The drain-source leakage current of
IMBF170R450M1 is extremely low: 100 pA @1.3 kV,
which makes this task challenging. During the reliability
test with 160 V driver the leakage current remained at this
value until ~ 7.5x10° pulses and since then it started to rise
to 1 nA@7.75x10° pulses and to 1.5 nA@8x10° pulses but
still without visible effect on the load voltage.

Damage to SiC gate insulator due to excessive voltage
on the gate is described by the time dependent dielectric
breakdown (TDDB) phenomenon. Breakdown mechanism
is explained by a cumulative charge trapping on SiC de-
fects, leading to a local field enhancement and resulting at
certain point in local current tunnelling until SiO; insulator
damage. As the phenomenon is cumulative, the shorter is
individual overvoltage duration the higher number of
pulses will component survive before failure. The current
tunnelling at the final phase tends to explain the increased
drain-source leakage current in approach of fatal failure.

To find a limit of super boosting approach we modified
the gate driver to increase its output voltage up to 280 V.
The series capacitance Cs was modified accordingly. SiC
rise time was reduced by another ~ 140 ps down to less
than 810 ps and overvoltage on the gate lead increased up
to > 86 V but with reduced overvoltage duration (~ 2 ns) as
shown on Fig. 4. Reliability test was done up to more than
500 million pulses with no visible deterioration of SiC per-
formance. Gate-source and load voltage measurements are
on Fig. 4.
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Figure 4: Gate-source (yellow) and load voltage (green)
with 280 V driver and Uds = 1.3 kV; measurements are in-
fluenced by scope and probe BW limitation (1 GHz and
700 MHz respectively).

Further boosting of the output voltage slew rate was
achieved by a two-stage Marx generator with Si sharpening
diodes (BY229) used as avalanche switches. Measurement
of the Marx generator output voltage is on Fig. 5.
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Figure 5: Output of the two stage Marx generator with Si
diode sharpener; due to scope BW the real slew rate is
higher than 4 kV/ns measured.

CONCLUSION

We confirmed the feasibility of a multi kV/ns pulse gen-
erator based on super boosted SiC MOS with Si diode
sharpener. The reliability of the super boosted driver and
that of the HV SiC was found more than sufficient for par-
ticle accelerator beam transfer kicker applications. The Si
diode sharpener allowed further increase of the output volt-
age slew rate up to more than 4 kV/ns, but its lifetime is
not sufficient and better results are expected with HV GaAs
diodes we recently acquired from the German company 3-5
Power Electronics. Tests on 3.3 kV rated SiC MOSFETs
that recently became commercially available have started
and are as promising as the ones hereby presented.
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