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Abstract—In this paper, the impact of the PNP bipolar transis-
tor gain on the short-circuit behaviour of High Voltage Trench
IGBTs is analysed. The short circuit ruggedness against high-
frequency oscillations is strongly improved by increasing the hole
current supplied by the collector. By doing so, the electric field
at the emitter of the IGBT is increased and less influenced by the
amount of the excess charge (i.e., the electric field is fixed). The
charge-field interactions during the short circuit event, leading
to a periodic charge storage and charge removal effect and
provoking miller capacitance variations, can be mitigated. The
effectiveness of using IGBTs with high bipolar gain is validated
through both simulations and experiments, also a design rule
to trade off the IGBT’s losses and short-circuit robustness is
provided.

Index Terms—Insulated gate bipolar transistor, bipolar gain,
short circuit, gate oscillations, parametric oscillation, robustness,
Kirk Effect, TCAD.

I. INTRODUCTION

In the event of a short circuit, IGBTs have shown a good
capability of withstanding high current and high voltage for
a limited amount of time, named short-circuit withstanding
time tsc [1]. Some applications such as solar inverters, motor
drives and wind converters have standard requirements for
this parameter (i.e., tsc = 5 - 10 µs). During this period
the protection circuit must succeed in turning off the IGBT,
however, the IGBT may fail due to unstable operation, before
the gate driver protection is able to turn-off the IGBT (i.e.,
failure in the range of nanoseconds) [2]. One of the instabilities
occurring during short circuit is the occurrence of high-
frequency gate oscillations [3]–[5], where the gate driver is
no longer able to protect the converter from IGBT failures.

Many experimental works show that under adverse com-
binations (i.e., large circuit stray inductance and low gate
resistance) and under certain operating conditions (i.e., low
DC-link voltage), IGBTs exhibit high-frequency oscillations
as it has been found in [3], [5], [6] for planar IGBTs and,
recently, for trench-gate, field-stop IGBTs [4], [7]–[10]. This
instability may cause the destruction of the gate-oxide, in
the case that the oscillation amplitude runs out of control,
as reported in [3], [11] for planar IGBTs and in [9] for trench
IGBTs. In an attempt to solve the problem, the short-circuit
robustness of IGBTs have been studied from three aspects:

device design [12], package design [13], and gate driver design
[14]. Although several measures have been implemented,
short circuit failures as a consequence of high-frequency
oscillations are still observed in practical applications. The
problem was not fully understood until recently, where the
complex behavior of the IGBT with both circuit and device
analysis has been investigated in [6]. It has been proposed that
the root cause of such oscillatory behaviour is a parametric
oscillation involving the IGBT and the gate circuit. It has
been discovered that the oscillations can only start when the
electric field at the emitter side of the IGBT becomes weak.
The low electric field is influenced by the amount of the
excess charge at the emitter and therefore the field starts
to fluctuate with time. The electric field fluctuations creates
charge accumulation variations at the emitter of the IGBT,
which in turn leads to Miller capacitance variations. Thanks
to the results from TCAD simulations, it has been possible to
associate the capacitance variation with charge-storage effects
occurring at the surface of the IGBT, arising from the low
carrier velocity. Therefore, the time-varying element during
the parametric oscillation is the IGBT’s Miller capacitance,
leading to an amplification mechanism.

With the purpose of mitigating the oscillation phenomenon,
care must be taken into the optimization of the carrier profile
in IGBTs. The aim is to increase the electric field at the
IGBT’s surface and counteract the weak electric field. A
sensitivity study has been performed in [6], [11], [15] and
later in [10], varying different parameters and investigating
its influence on the short-circuit oscillation behavior. Those
studies have proven that the IGBT oscillations are more likely
to be observed when the device is operated at low DC-link
voltages, high positive gate voltages and low case tempera-
tures, because the electric field becomes weaker at the emitter.
There are several possibilities to achieve the desired carrier
profile to make sure that the electric field at the surface is high;
the most widely used are: a) high bipolar gains b) profiled
lifetime control techniques c) increase of the drift region
doping concentration and d) reduction of the electron injection
from the MOS-channel. Among them, the increase of the
IGBT collector efficiency (i.e., the PNP bipolar gain) has been
selected in this work to mitigate the short-circuit oscillations in
IGBTs. The impact of the collector dose concentration on the
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Fig. 1. Carrier profile distribution and electric field shape in Field Stop Trench
IGBTs leading to stable and unstable operation during short-circuit events.

oscillation phenomenon will be investigated from both finite-
element simulations and experimental validation.

This paper is organized as follows: Section II presents the
Kirk Effect phenomenon in IGBTs, typically observed under
short circuit conditions. Section III introduces the IGBT model
that is used for the finite-element simulations. Section IV
demonstrates that the oscillation phenomenon can be mitigated
with high bipolar gain. Section V shows that by adjusting the
P+ collector dose of the IGBT, the oscillations are effectively
mitigated through experimental tests. Section VI and Section
VII discuss about possible design rules for robust short circuit
operation and the final conclusions, respectively.

II. KIRK EFFECT IN IGBTS UNDER SHORT CIRCUIT

One of the main problems of the Insulated-Gate Bipolar
Transistor (IGBT) lies in the fact that under certain current
densities, a low electric field is observed at the surface of the
IGBT, which eventually leads to an electric field rotation [16].
This phenomenon is referred as the Kirk Effect, which is a very
unstable condition that typically occurs in IGBTs under short
circuit conditions. The Kirk Effect has been proven in [6] to be
a necessary condition for driving the IGBT into an oscillatory
mode, therefore, it is important to understand the limiting
conditions that will lead to the initiation of oscillations. The
gradient of the electric field strength dE/dy is function of the
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Fig. 2. Evolution of the IGBT technology depending on different vertical
designs and its correlation with the electric field strength: NPT - Non-Punch-
Through, SPT - Soft-Punch Through, FS - Field Stop.
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Fig. 3. Evolution of the IGBT cell design for better trade-off between
switching and conduction losses.

effective charge concentration in the n-base (Neffective) and
can be calculated with the Poisson’s equation [1], given as:

dE

dx
=

q

εs
(ND + h− e) (1)

where εs is the dielectric permittivity of the semiconductor, q
is the electron charge, ND is the drift doping concentration,
h is the hole density and e is the electron density.

In Fig. 1 two IGBT designs are shown: one is prone to
oscillations because the carrier distribution profile leads to a
rotated electric field (unstable), and the other one presents a
carrier distribution profile leading to a triangular-shape electric
field, which is robust against oscillations (stable).

The carrier distribution can be shaped for preventing the
electric field rotation; the impact of the carrier distribution is
presented in the following:

1) Vertical IGBT design (i.e., Non-Punch Through NPT,
Punch-Through PT, Soft-Punch Through SPT or Field
Stop FS). As the cell structure becomes thinner from
NPT or conventional PT to SPT technologies, the doping
concentration in the drift layer is decreased to achieve
similar blocking capability. This means that the gradient
of the electric field becomes flatter and it may eventually
rotate (see Fig. 2). Therefore, one must ensure that
the back-side design does not bring the IGBT into an
unstable situation where the electric field rotates.

2) IGBT cell topology (i.e., planar, trench, enhancement
layers, Side Gate). As the cell evolves from planar to
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trench designs, the trend is to reduce on-state losses
by increasing the electron current density (majority
carriers), as pointed out in Fig. 3. This, in turn, may
set the conditions for having a rotated electric field.
Furthermore, if the hole carrier density (minority car-
riers) is relatively small, for achieving a fast IGBT with
low switching losses, the electric field would rotate even
more (see Fig. 3). The optimization of IGBTs to have
low on-state and low switching losses can be done up
to a limit, which is related to the shape of the electric
field under short circuit conditions.

III. IGBT SIMULATION MODEL

Mixed-mode device simulations have been carried out using
the TCAD Sentaurus simulation tool. The doping profile of the
3.3-kV Enhanced-Trench IGBT and the circuit model used to
perform the short circuit simulations are shown in Fig. III.
Only the emitter side is presented in Fig. III, showing that an
n-enhancement layer and a lightly doped p-well region have
been implemented. The collector side, which is not shown in
Fig. III, has a Soft-Punch Through (SPT) buffer.

The IGBT model has been calibrated to match the real
characteristics of the tested devices. The drift region thickness
has been adjusted to achieve a blocking voltage of 3,300. The
effective area of the IGBT is 0.4 cm2, yielding a nominal
current of 50 A.

Short-circuit simulations have been carried out including
the external circuit of Fig. III, whose values are selected to be
in agreement with the experimental setup, but also favouring
the occurrence of the oscillation phenomenon. Since the stray
inductances are involved in the oscillation phenomenon, not
being the main triggering mechanism but taking part of it, the
dependence of the gate inductance and collector inductance
in respect to the oscillation phenomenon is investigated in
the following. The effect of the emitter inductance is a little
complex because it takes part in both gate and commutation
paths, therefore, this investigation is not presented for the
trench IGBT. The effect of emitter inductance on the short
circuit oscillations for planar IGBTs has been explained in
[17], [18].
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Fig. 4. The 3.3-kV enhanced-trench IGBT half cell (left) and the circuit to
perform the short-circuit simulations with TCAD (right).
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Fig. 6. Short-circuit simulation showing the oscillation dependency as a
function of the collector inductance LC . Conditions: Lg = 40 nH, Le = 10
nH, Rg = 1 Ω, VGE = 15 V and VDC = 700 V.

A. Effect of gate inductance, Lg

The variation of the gate stray inductance Lg and its impact
on the short-circuit oscillation phenomenon for the 3,300 V
Trench IGBT has been evaluated. The simulation results show
a similar trend, as previously investigated for the planar IGBTs
in [18]. In Fig. 5 is observed that the gate inductance, Lg ,
affects the IGBT short-circuit behaviour in two ways:

1) With higher gate inductance Lg , an increased oscilla-
tion amplitude on the gate voltage waveform can be
observed.

2) The oscillation frequency increases with decreasing Lg .

The observed oscillation amplification with higher gate
inductance is related to the parametric oscillation phenomenon.
The energy transferred between the gate inductance and the
IGBT’s miller capacitance is now larger because the gate
inductance is also bigger and more energy can be transferred.
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Fig. 7. Simulated voltage and current waveforms of the 3.3-kV IGBT
with p+collector doping of 1·1017 cm−3.
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Fig. 8. Simulated voltage and current waveforms of the 3.3-kV IGBT
with p+collector doping of 3·1017 cm−3.

B. Effect of collector inductance, LC

The impact of the collector stray inductance LC variation on
the short-circuit oscillation phenomenon for the 3,3-kV Trench
IGBT has also been evaluated. The implication of the collec-
tor inductance to the short-circuit oscillation phenomenon is
similar as for the planar IGBTs in [18]. As observed in Fig.
6, the collector inductance, LC , affects the IGBT short-circuit
behaviour in three ways:

1) The gate oscillation amplitude does not change with LC .
2) The oscillation frequency increases with decreasing LC .
3) With higher LC , an increased undershoot across the

collector-emitter voltage can be observed.
The oscillation amplitude does not change with the value

of the collector inductance because the LC is not involved in
the gate oscillation path. Nevertheless, an increased collector
inductance leads to a greater undershoot across the collector-
emitter voltage leading to a lower electric field, thus, favoring
the Kirk effect onset.

IV. EFFECT OF HIGH BIOLAR GAIN

A. Effect of collector doping concentration

The charge-field interactions can be counteracted by increas-
ing the electric field at the emitter of the IGBT, in this way, the
electric field becomes strong and not influenced by the excess
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Fig. 9. Time-zoom of Fig.7.

of carriers in this region. One option to achieve a stronger
electric field is to increase the hole injection, for example, by
increasing the bipolar current gain αpnp [15]. This can be done
by selecting a higher doping concentration of the p+ collector
layer.

Figs. 7 and 8 show the short-circuit simulations of the 3.3-
kV enhanced trench IGBT, having the same doping profiles
but employing different collector doping concentrations of
1·1017 cm−3 and 3·1017 cm−3, respectively. It is clear that the
adjustment of the doping concentration at the collector brings
the benefit of improving the stability of the device during short
circuit. By adopting this strategy, oscillations are mitigated
with high bipolar gains (i.e., higher p+collector doping).

A better understanding of the phenomena taking place inside
of the IGBT can be gained by looking at Figs. 9, 10 and 11.
In Fig. 9 is presented a time zoom of Fig. 7 between the time
instants 4.91 µs and 5.12 µs. This graph helps to illustrate
the phase-shift relation between the electrical waveforms (gate
voltage, collector current and collector-emitter voltage) and the
2-D effects happening inside the device. The evolution of the
2-D electron density effects at the time instants highlighted
in Fig. 9 are plotted together with the 2-D electric field
fluctuations in Figs. 10 and 11, respectively. By looking at
the time instants 1, 5, 6, 7 and 8 is evident that the electric
field at the emitter is weak coinciding with a charge-storage
effect, which increases the miller capacitance. The junction
capacitance CCE value also changes with the variation of
the electric field, however to a lesser extend. It would be
possible to discuss about a parametric oscillation involving
the IGBT and the power circuit, but since the experiments
show the highest amplification on the gate loop, the parametric
oscillation on the power circuit has been discarded.

In the time instants 2, 3 and 4, the voltage across the
device is high and the electric field at the emitter is strong
associated with a low electron charge density and therefore
lower miller capacitance values. A vertical cut of the IGBT
has been performed in order to show the electric field shape
differences between the time instant when the collector emitter
voltage is high and low. This effect can be observed in Fig.
12 for the IGBT with low collector doping level, proving that
the IGBT shows two different modes during each oscillation
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Fig. 10. The electron density of the 3.3 kV trench IGBT during one oscillation cycle at the time instants highlighted in Fig.
9.

Fig. 11. The electric field of the 3.3 kV trench IGBT during one oscillation cycle at the time instants highlighted in Fig. 9.

cycle:

1) Electrons flow vertically coinciding with a strong elec-
tric field at the emitter. This occurs when VCE rises in
Fig. 9.

2) Electrons accumulate at the surface of the IGBT, co-
inciding with an electric field peak stronger at the
collector. This occurs when VCE is the low in Fig. 9.

This phenomenon leads to a time-varying capacitance co-
inciding with a high capacitance when the charges are accu-
mulated at the surface and having a small capacitance when
there are no-charge storage effects. This behavior has been
recognized as a parametric oscillation in [6]. The charge-field

interactions are happening because the electric field at the
emitter is not sufficiently strong, and therefore, the plasma has
a strong effect on the electric field which leads to a varying
electric field.

The field-charge interactions are not longer observed when
the IGBT with high collector doping is simulated. Fig. 13
illustrates the 2D-plots during the short-circuit time instants
highlighted in Fig. 8 with an IGBT design having a higher
collector doping concentration. In this case, the short circuit
oscillations are not observed and the charge-storage effect
neither. Now the electric field becomes dominant over the
plasma, resulting in a fixed carrier profile and an electric field
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Fig. 12. Short-circuit behaviour of the 3.3-kV Enhanced-Trench IGBT with
p+ collector doping of 1·1017 cm−3, at the time instants 1 and 3 highlighted
Fig. 9. Left: electron density; right: electric field.

TABLE I
THE EFFECT OF THE SOFT-PUNCH THROUGH DESIGN [19].

On-state
losses

Turn-off
losses

Recovery
softness

Leakage
current

Breakdown
voltage

Short
Circuit

High PNP gain + - + - + -
Low PNP gain - + - + - +

shape that is always strong at the emitter. In this way, the
Miller capacitance does not vary with time and the oscillations
during short circuit are not observed.

B. High bipolar gain trade off

Increasing the collector doping concentration is one ap-
proach that can be followed for better short-circuit ruggedness.
The buffer design is strongly dependent on the PNP bipolar
transistor gain, therefore, an increase of the collector doping
concentration leads to higher bipolar gain. It has been shown
in [19] that a trade-off relationship exists depending on the
value of the PNP bipolar gain. According to Table I, increasing
the collector doping concentration for higher short circuit
robustness can be achieved at the expense of increased turn-off
losses, increased leakage current and weaker turn-off Reverse
Bias Safety Operation Area (RBSOA).

C. IGBT Losses and Short-Circuit Robustness Trade Off

1) Study Case: The improvement of the short-circuit ro-
bustness comes with compromises in respect to normal op-
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Fig. 13. Short-circuit behaviour of the 3.3-kV enhanced-trench IGBT with
P+ collector doping of 3·1017 cm−3, at the time instants 1 and 2, highlighted
in Fig. 8. Left: electron density; right: electric field.

eration. By increasing the doping concentration of the P+

collector, the carrier distribution profile is shaped in a way
that the IGBT builds up a denser plasma near the collector.
This means that the IGBT will become more stable under short
circuit at the expense of increased turn-off losses under normal
operations. Therefore, an optimization procedure is needed in
order to achieve the minimum injection efficiency to keep the
effective charge density positive at the worst conditions, i.e.,
room temperature (Tcase = 25◦C) and minimum gate voltage
(VGE = 15 V) [4], [11].

First, the 3,300 V Enhanced-Trench IGBT has been sim-
ulated under short-circuit conditions at VCE = 700 V and
Tcase = 25◦C, varying gradually the peak collector doping
concentration from NA = 1e17 cm−3 up to 3.5e17 cm−3.
Fig. 14 demonstrates once again that the IGBT short-circuit
operation becomes stable with increased injection efficiency.

The next step is to study the impact of the peak collector
doping concentration on the on-state losses. Fig. 15 presents
the typical forward characteristics at VGE = 15 V and Tcase

= 25◦C, for the Trench IGBT having four different collector
doping doses. It is observed that for the nominal current
of 50 A, the IGBT with the highest peak collector doping
concentration (i.e., NA = 3.5e17 cm−3) shows the smallest on-
state voltage. In Fig. 16, the vertical profiles of the electric field
strength and the carrier densities in the drift zone are compared
in the static I-V curve. The results show that a denser carrier
concentration at the emitter side is observed for the largest
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collector doping concentration, hence the on-state losses are
reduced. The fact that the short-circuit robustness and on-state
losses can be optimized simultaneously is an attractive option
for applications where the switching frequency is low.

The turn-off losses have also been evaluated by means of
mixed-mode simulations at the nominal conditions, i.e., 1,800
V collector voltage and 50 A collector current. The gate resis-
tance and the load inductance have been chosen as 10 Ω and
2,400 nH, respectively. The results from the TCAD simulation
with four different collector doping doses are shown in Fig.
15. Due to increased collector doping concentration (NA), the
turn-off tail current has a higher amplitude leading to increased
turn-off losses. In Fig. 16 can be observed that with increasing
injection efficiency, there are excess carriers in the proximity
of the collector region that must be swept out during the turn-
off transition, i.e., they contribute to the turn-off losses.

2) Stability Map: It has been demonstrated that the stability
of the IGBT under short circuit conditions has a negative
impact on the turn-off losses since high-injection efficiency
emitter IGBT designs are needed to counteract the Kirk Effect.
The stable operation can be achieved when the effective charge
concentration (Neffective) is greater than 0, being Neffective

equal to 0 the limit of stability. Fig. 17 shows the relationship
between the collector doping concentration (NA) and the
effective charge concentration (Neffective) extracted from the
TCAD simulations when the Trench IGBT is simulated with
four different collector doping concentrations. The optimum
value of NA can be calculated as a function of Neffective

through the proposed fitting curve:

Neffective = a ·N b
A + c (2)

where the coefficients a, b and c are the fitting parameters (a
= -5.9E28, b = -0.8 and c = 1E14). The optimum value of NA

must be equal or greater than 2.4e17 cm−3.

V. SHORT CIRCUIT EXPERIMENTS

The IGBT short-circuit capability has been experimentally
investigated by adopting different PNP bipolar gains. Fig.
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18 shows the short-circuit behaviour of two 3.3-kV IGBTs
fabricated with different P+ collector doping doses. All design
parameters except for the p+collector dose were the same for
the two devices. As it can be seen, the oscillatory behaviour
is best seen with low injection efficiency designs, which is
in agreement with the TCAD simulations results. Because of
the lower bipolar gain, a decrease in the hole current injection
from the collector is expected, revealing its large impact on the
short-circuit instability of the device. The benefit of employing
an IGBT with a high injection efficiency design is validated
through the experiments, which corroborates the explanation
from the internal physics angle that has been formulated and
supported by finite-element simulations in Section IV.
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VI. DESIGN RULES FOR ROBUST SHORT CIRCUIT
OPERATION

The short-circuit performance of IGBTs is mainly deter-
mined by the carrier distribution profile and the associated
electric field shape, which can be adjusted in several ways,
depending on the targeted application. There are several design
strategies in order to optimize the IGBT with respect to on-
state losses (i.e., n-enhancement layers) and low turn-off losses

(i.e., low hole injection supplied from the collector) which
have been effectively implemented. These strategies can also
be implemented by ensuring a robust operation during short
circuit. The key is to ensure that the electric field is strong
at the emitter side, which is possible if the following design
rules are applied:

1) Carrier enhancement at the emitter for low on-state
losses. The IGBT can be designed to have a dense
plasma near the emitter by adopting Trench cell designs
[20], implementing n-enhancement layers [21] or by
reducing the mesa width between trenches [22]. Modern
IGBTs, which are designed in accordance with one
of these approaches, have to provide a sufficient hole
injection from the collector side in order to ensure short-
circuit stability.

2) Carrier reduction at the collector for low turn-off losses.
The IGBT can be designed with relatively low carrier
concentration at the collector, by employing IGBTs with
low injection efficiencies or by localized lifetime control
techniques [1]. Modern IGBTs, which are designed in
accordance with one of these approaches, have to pro-
vide a smaller electron injection from the MOS channel
to make sure that the electric field is sufficiently strong
at the emitter.

3) Reduction of the thickness for low losses. The IGBT can
be designed with smaller thickness with the purpose of
minimizing the total power losses. The resistance of the
device during the on-state phase decreases when using
thinner IGBTs, for example, from Punch-Through to
Non-Punch Through or Soft-Punch Through buffers. At
the same time, to achieve the desired blocking capability
for thinner devices, the doping concentration in the drift
region is reduced. Modern IGBTs, which are designed
in accordance with this approach, have to ensure that
the relation between electrons and holes is optimum in
order to guarantee that the effective charge density is
still positive and thus a stable short circuit behavior.

VII. CONCLUSIONS

The gate oscillation phenomenon occurring in trench IGBTs
under short circuit conditions is investigated through both
finite-element simulations and experimental validation. The
analysis has been demonstrated that the external circuit has
an impact on the oscillation phenomenon, especially the gate
inductance Lg , which is involved in the parametric oscillation
between the IGBT and the gate circuit. It has been found out
that the most effective way to mitigate the unstable operation
is by shaping the carrier profile in a way that the electric
field is sufficiently strong at the emitter under short circuit
conditions. There are several ways to do so, one of them is
to use IGBTs with a high hole injection supplied from the
PNP bipolar transistor. Then, the electric field at th emitter of
the IGBT is strong and less influenced by the plasma, which
helps to counteract charge-storage effects happening at the
emitter of the IGBT and affecting the Miller capacitance value,
eventually leading to a parametric oscillation. Furthermore,
it has been pointed out that the design elements of the
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Bipolar-mode Insulated Transistors (BIGTs) help to increase
the robustness of the short circuit event against short circuit
oscillations. The advantage of applying IGBTs with high
bipolar gain is that high-frequency oscillations in the range
of 20 MHz disappear, and failure mechanisms of this type
are better understood. The main drawback of this approach
is the increase in switching losses, but on the other hand,
conduction losses can be further minimized. The proposed
method has been validated through finite-element simulations,
which are coherent with the experimental test in a 3.3-kV
Enhanced-Trench IGBTs having different collector doping
concentrations.
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