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Abstract—In this paper, a study of the snap-back behaviour of
reverse conducting RC-IGBTs by means of 2D TCAD simulations
is carried out. Half-cell TCAD models of 1200V RC-IGBT
structures with different snap-back voltage levels were generated
by varying the peak doping concentration of the punch-through
N-buffer region. First observations show that snap-back could
be an issue for low current switching commutations of paralleled
RC-IGBTs operating at low temperatures, where one device
falls back into unipolar mode and current is completely mis-
shared. Results show that the RC-IGBT snap-back voltage level,
circuit variations and operating conditions play a critical role
for determining if the parallel RC-IGBTs operate in a stable or
un-stable mode.

Index Terms—Reverse Conducting IGBT, snapback, switching,
instability

I. INTRODUCTION

Development trends continue to improve Reverse Conduct-
ing IGBTs (RC-IGBT) [1]-[3] where the integration of the
IGBT and the freewheeling diode into a single structure allows
for higher power per package footprint [4]-[6]. Due to the fact
that both transistor and diode share the same chip area, there
are challenges related to plasma distribution optimization that
need to be considered. For example, a high plasma on the
emitter side (p -well) reduces the on-state losses in IGBT
mode, however a low plasma during diode mode is needed
to reduce reverse recovery losses. This would be different in
separate IGBT/diode chips since they allow optimization of
each device independently [7], [8]. The challenges do not end
here, apart from the power losses optimization, another chal-
lenge faced in the design of RC-IGBTs is the on-state snap-
back behavior during IGBT mode [9]-[12]. The basic RC-
IGBT structure has been implemented with collector shorts,
and since then, different design concepts have been proposed
to reduce or eliminate the snapback voltage without sacrificing
the total available diode area [6], [13]. The introduction of a
pilot IGBT collector region (i.e., no collector short) referred to
as the Bimode Insulated Gate Transistor (BIGT), provided an
easy to implement design to mitigate the snap-back behavior
while still offering good diode characteristics [14]. The aim
was to suppress the primary snap-back effect occurring at
low current levels, as shown in the IV curves in Fig. 1 [15].
However, the BIGT output characteristics exhibited secondary
snap-backs at high current levels which were also eliminated
with an optimized radial layout design [15].
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Fig. 1. IGBT and RC-IGBT IV on-state curves showing the primary and
secondary snap-backs. The structure of the RC-IGBT with the Nt collector
short is presented on the right [16].

Many efforts have been made to mitigate the snap-back
behavior [6]. One aspect of study is that a Negative Differential
Resistance NDR zone [17]-[19] in the IV output charac-
teristics is particularly harmful when devices are operating
in parallel (i.e. some devices will fail to turn-on during
switching transients). While many of the research has been
focused on quantifying the snap-back voltage level during
static conditions (i.e., IV characteristics) [20]-[22], the authors
of this paper did not find previous work with respect to the
effects of the snap-back phenomenon on device operation or
a quantification of the snap-back magnitude (i.e. snap-back
voltage Vgp) to which the effect becomes destructive in real
applications [9]. So far, there is no published data of parallel
High Voltage RC-IGBTs malfunction which can be attributed
to the primary or secondary snap-back voltages. Improving
our knowledge in this area is important while also maintaining
the development trend towards designing snap-back free RC-
IGBT concepts. The first investigation made by the authors [9]
did not identify the root cause of the instability mechanism
due to the snap-back effect. In this paper, the snap-back
behavior of RC-IGBTs operating in parallel is investigated
while attempting to analyze and understand the root causes
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Fig. 2. Mixed mode circuit simulation model for obtaining double pulse wave-
forms for two parallel RC-IGBT devices Q1 and Qz. The stray inductances
L1 = Lo, unless specified.

leading to current mis-sharing between parallel devices.

The paper is organized as follows: Section II presents the
RC-IGBT turn-on transient. Section III focus on the paralleling
of RC-IGBTs having variations in snap-back voltage levels
Vsp. Section IV demonstrates the behavior of identical par-
allel RC-IGBTs but with variations in circuit parameters such
as circuit stray inductances. Finally, conclusions are given.

II. THE RC-IGBT TURN-ON TRANSIENT

A. Circuit and device model

The focus of this investigation is on the primary snap-back
under dynamic conditions. To explore the phenomenon and its
impact in real applications, TCAD device/circuit simulations
were carried out for a 1,200V enhanced-planar RC-IGBT with
a field-stop type buffer having a total thickness of 135 um
and a cell pitch of 18 pum. The simulations were carried out
on a half-cell RC-IGBT model scaled to 1 cm? with a small
n+ short region of 1 um adjacent to the P collector. For
a half-cell model, 25°C IV simulations will typically result
in high snap-back voltages Vgp. Therefore, all simulations
were carried out at 125°C to produce reasonable snap-back
voltages for the purpose of this work. A mixed mode circuit
model, as shown in Fig. 2, is used to evaluate the switching
commutations of parallel RC-IGBTs. Two identical RC-IGBTs
with slight variations in Vgp levels can lead to full current
missharing, which is only observed during the first turn-on
pulse of a double pulse test, as it is shown in Fig. 3 [9]. One
device takes all of the current (I>1) and the second device fails
to turn-on (Ic2 = 0 A), however for the second turn-on pulse
both conduct current. In the next section we will therefore
focus on the first turn-on phase. It is worth to mention that the
second turn-on event does not show full current miss-sharing,
demonstrating that the snap-back phenomenon has a negligible
impact when the device turns on under high current.
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Fig. 3. Switching behavior of parallel RC-IGBTs with full current mis-sharing
during first turn on.
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Fig. 4. First turn-on event of a Double Pulse Test for the RC-IGBT at 125°C
and nominal voltage Vo g = 600 V.

B. First turn-on analysis

Fig. 4 shows the voltage and current waveforms associated
with the first turn-on transient of a RC-IGBT. The first turn-
on period of the classic double pulse test is analysed since the
snap-back voltage phenomenon can only be observed when
the RC-IGBT turn-on under low currents. The turn-on period
can be divided into four phases depending on the RC-IGBT
modes of operation and the initial snap-back voltage.

o Delay phase (1): initially the RC-IGBT is operating in the
blocking or cut-off region and supports the full supply
voltage, while the load current is zero. At ty the voltage
Vg4 is applied to the gate-emitter terminals of the RC-
IGBT. By injecting a constant current iy into the gate
terminal, the input capacitance C;ss begins to charge and
Vge increases [16]. When V. = Vy,, the collector current
does not increase as the load current needs time to build
up through the circuit inductance. Therefore, even though
the RC-IGBT is turned on, it does not yet conduct any



current. Therefore, there is no carrier injection in this
phase.

e Unipolar phase (2): the load current across the circuit
builds up and the RC-IGBT, which is operating in the
active region, begins to conduct electron current and the
V.. falls more rapidly. The typical Miller effect comes
into account due to a lower collector voltage across
Cyc. During this phase, the RC-IGBT is conducting
in unipolar mode, since the collector voltage has not
dropped sufficiently for the bipolar action to take place.

o Quasi-bipolar phase (3): during this phase, the collector-
emitter voltage rises up to the peak snap-back voltage of
the RC-IGBT, whereas Vg, continues to increase above
the Miller plateau level. The RC-IGBT starts to inject
holes from P* collector regions, however due to the nt
short regions at the collector side, the RC-IGBT does
not directly conduct in bipolar mode. The RC-IGBT
conducts in a quasi-bipolar mode, where the hole carrier
concentration is sufficiently strong at the PiN region
of the RC-IGBT, however the hole injection is weak
in the PNN region. The resulting hole carrier injection
RC-IGBT is therefore below the background doping but
above the intrinsic doping concentration. Hence, this
mode is named as quasi-bipolar.

« Bipolar phase (4): after the voltage reaches the snap-back
peak value, the RC-IGBT enters the voltage fall transient
characterized with a negative dv/dt. The RC-IGBT is
operated in bipolar mode as the collector voltage falls and
enough hole injection is provided by the PT collector.

III. PARALLEL RC-IGBT WITH VARIATIONS IN Vgp
LEVELS

A. Switching Analysis of RC-IGBTs with Low Vsp

The snap-back behavior of reverse conducting IGBTs is
studied through TCAD simulations of 1200 V RC-IGBTs with
the double pulse circuit presented in Fig. 2, where two RC-
IGBTs have been simulated in parallel at a DC link voltage
of 600V at 125°C. The investigation of this effect under
switching conditions is relevant for real life applications since
the device has to operate reliably under normal conditions. For
the main circuit parameters; Lgsrqy=100 nH, Lioqq =50 pH,
Rioaqd =0.1 ohm and L; = Ly = 0 nH unless specified. For the
gate circuit, the gate control voltage was switched between
Vge = 15 V (on-state) and Vg, = -15V (off-state). To instigate
the current mis-sharing between parallel RC-IGBTs, the two
devices were simulated with small variations in Vgpg levels.
Different Vgp values between parallel RC-IGBTs can occur
due to variations in the silicon resistivity, collector/short/buffer
processing or operating temperatures. The snap-back voltage
is in general very sensitive to all above parameters and
therefore a number of simulations were carried out to assess
the impact of these mis-sharing instigating factors. In this
study, the snap-back voltage level has been varied by adjusting
the RC-IGBT buffer peak concentration. Fig. 6 shows the
IV output characteristics for different RC-IGBT buffer peak
concentrations compared to a standard IGBT.

Parallel RC-IGBTs with a small snap-back voltage Vgpg,
show some current mis-sharing as illustrated in Fig. 5.

600 - -

400 {1

200 [t -

Voltage [V], Current*20 [A]

L \
0 L 2 L L | | | L L
o 2 4 6 8 10 12 14 16

time [us]

Fig. 5. Switching behaviour of parallel RC-IGBTs with low Vgp levels (Q1,
Vspi = 1.2V and Q2, Vgpe = 1.65V) at 125°C.
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Fig. 6. Simulation IV output curves for 1.2kV RC-IGBTs with different peak
buffer concentrations (N3) at 125°C (N, in /cm?).

The buffer concentrations are for Q; (3-10'4/cm3) and Q.
(4-10'%/cm?®) with snap-back voltage levels of 1.2V and 1.65V,
respectively. The current mis-sharing can be observed for both
turn-on events, under low and high load currents, however, it
only becomes critical for the first turn-on event as presented
in [9] with devices having a larger snap-back voltage. It is
therefore important to conclude that the snap-back behavior
has negligible impact on subsequent turn-on events if the
conducting device during the ramp-up phase can survive the
first turn-off transient.

B. Instability of RC-IGBTs with large Vsp

While RC-IGBT with low snap-back voltage levels (i.e,
below 3V) show mis-sharing current effects but both parallel
devices are still able to conduct the load current, RC-IGBT
having high snap-back voltage levels (i.e., 4V and above)
result in one device carrying all of the load current and the
second device failing to turn on.

Fig. 7 shows the current and voltage waveforms for two
RC-IGBTs in parallel with buffer concentrations of (Q1)
6-10M/cm?3; Vgpi= 3V and (Q2) 8x10™/cm3; Vgpo= 4.5V.
Both devices turn-on following the phases explained in Section
IT (i.e., delay phase, commutation phase, unipolar phase...).



The difference comes into the bipolar phase, where the RC-
IGBT will be operated in bipolar mode if the collector voltage
falls bellow its snap-back voltage level and enough hole
injection is supplied to the N-drift region. By looking at the
hole current through each device in Fig. 7, Q; enters the
bipolar phase when V.. reaches its snap-back voltage peak.
On the other hand, the device Qs having a higher snap-back
voltage level still operates in the quasi-bipolar mode, where
not enough holes are supplied from the collector. Therefore,
device Q2 never enters the bipolar conduction mode. Fig. 8
shows the 2D hole current distribution of the two parallel RC-
IGBTs with variations in Vgp levels. The devices are plotted
during the first turn-on event at the time instant t = 1 us, where
both devices are supposed to operate in bipolar mode.
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Fig. 7. First turn-on event for RC-IGBTs with high Vgp levels (Q1

Np=6-101%/cm3 and Q2 N;=8-101%/cm3) at 125°C. The two RC-IGBTs are
evaluated at t = 1 ps in Fig. 8.

Fig. 8 shows that the hole current density is above the
background doping level (5-10'3/cm?) for device Q1, which
indicates that it is conducting in bipolar mode, but device
Q2 is not flooded immediately and remains in the quasi-
bipolar mode. A vertical cut along the PNN region (i.e., carrier
accumulation between the cells) and PNP region (i.e., carrier
drainage at the cells) of both devices is presented in Fig.9
(vertical cuts are highlighted in Fig. 8). It is clearly observed
that for device Q;, a large number of holes from the collector
are injected into the N-drift region constituting a quasi-neutral
plasma in the drift region as the collector current flows during
conduction. On the other hand, device Q; shows a smaller
hole injection, which is weakened in the PNP region due to
the effect of the collector shorts. The device remains in a quasi-
bipolar mode, eventually falling back into unipolar mode, and
is subsequently turned off in practical terms. Thus, Q; will
carry all the of the current.

The small difference in snap-back voltage levels appears
to play a critical role when RC-IGBT devices are designed
with a relatively high snap-back voltage. Results prove that
for a given design and set of conditions, mis-sharing can be
instigated with small modifications in device parameters and
they appear to be critical when the RC-IGBT turns on under
low loads.
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Fig. 8. Hole density during first turn-on event for the paralleled RC-IGBTs
with Vgp = 3V (Q1) and Vg = 4.5V (Q2) at 125°C. The 2D plots are
shown at t = 1 us in Fig. 7.
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Fig. 9. The hole density of the paralleled RC-IGBTs with variations in Vgp
levels across the PNN (hole accumulation effect) and PNP (hole drainage
effect) regions. Time instant is t = 1 us in Fig.7.

IV. PARALLEL RC-IGBT WITH VARIATIONS IN CIRCUIT
PARAMETERS

In High-Voltage RC-IGBT modules, chips are commonly
arranged in parallel to increase the power capability. The stray
inductances among parallel chips are therefore not the same
for each parallel branch. The effect of the stray inductance
on the snap-back phenomemon for parallel RC-IGBTs will
be investigated in the following. Two stray inductances were
inserted in each parallel RC-IGBT path having a small differ-
ence in value (L; = 9 nH and Ly = 11 nH), as presented in
Fig. 2. All the devices shown in Fig. 6 were evaluated with a
double pulse simulation with identical structures for Q; and
Q.. RC-IGBTs with N > 1.5-10'%/cm?® resulted in Q5 (with
the higher Lo) eventually falling back to the unipolar mode
and the device bipolar mode is turn off.



Fig.10 shows the simulated waveforms during the first turn-
on event for Q; = Qs, N = 1.0-10'%/cm?® and Vg = 5.5V. In
this case, both Q; and Qs have the same snap-back voltage, so
they enter into bipolar mode at the same IV point. This effect
can be observed in Figs. 11 and 12 for devices Q; and Qa,
respectively. Subsequently, the current mis-sharing is initiated
as the RC-IGBT enters the voltage fall phase characterized
with a negative dv/dt. Despite Q- conducting for some time
in bipolar mode, it eventually falls back into unipolar more as
illustrated with the hole density time evolution shown in Fig.
12. The small difference in inductance appears to play a critical
role to enable stable operation. Hence, results prove that for
a given design and set of conditions, mis-sharing can be
instigated with small modifications in the circuit parameters.
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Fig. 10. First turn-on event for RC-IGBTs with Ny=1.5-101%/cm3 (Q; with
L1 = 9nH and Q2 with Ly = 11nH) at 125°C.
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Fig. 11. Hole carrier density of device Q1 (L1 =9 nH) during the first turn-on
of paralleled RC-IGBTs with variations in Ls¢rqy. The cut along the vertical
axis is done in the PNN region.

V. DISCUSSION

Based on the previous results, current mis-sharing due to
snap-back behavior will lead into two operational modes (a)
a stable mode where all parallel devices remain in bipolar
mode with acceptable levels of current mis-sharing or (b)
unstable mode where all devices will enter initially into a
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Fig. 12. Hole carrier density of device Q2 (L2 = 11 nH) during the first
turn-on of paralleled RC-IGBTs with variations in Lstray. The cut along the
vertical axis is done in the PNN region.

bipolar or quasi-bipolar mode but some would fall back into
unipolar operation, which can lead to potential failures. Results
have also shown that the above modes are determined after
the voltage reaches the peak value when devices enter the
voltage fall phase characterized with a negative dv/dt. Even if
the devices are able to operate stable with some current mis-
sharing, at the second pulse when the RC-IGBT turns on under
the load current (i.e., several amps), the current mis-sharing
does not take place.

To instigate current mis-sharing in parallel RC-IGBTs, two
parameter variations have been investigated (1) devices with
variations in Vgp levels and (2) devices with variations in
circuit parameters. The results prove that for a given design
and set of conditions, mis-sharing can be instigated, however,
the small variations in the snap-back voltage level appear to
show a different failure mechanism if compared to the small
variations in circuit parameters.
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Fig. 13. Typical RC-IGBT output IV curves with variations in snap-back
voltage levels Vgp [9].

A. Variations in Vgp levels

The snap-back voltage level can be varied by adjusting the
RC-IGBT buffer peak concentration as illustrated in Fig. 13



in the output IV curve of RC-IGBTs having different buffer
designs. A similar effect can be obtained when devices operate
under different temperatures since the snapback voltage level
becomes more critical at low temperatures [9]. Also, the
uneven internal current distribution will cause temperature
distribution to become inhomogeneous, which may produce
local overheating resulting in reliability problems. During the
turn-on and after reaching the snap-back peak voltage, two
operation modes are possible (a) a stable mode where both
devices enter the bipolar mode showing some current mis-
sharing or (b) unstable mode where one device reaches its
Vsp(ay (Fig. 13), whereas the second device does not reach
its Vgp(p)- Subsequently, the second device having a higher
Vsp level remains in a quasi-bipolar mode and instead of
conducting in bipolar mode, falls back to unipolar and turns
off.

B. Variations in circuit parameters

The variations in circuit parameters when paralleling identi-
cal RC-IGBTSs can also lead to unstable mode, which is related
to the snap-back voltage level and the holding current (Ir074,
see Fig. 13). In this case, both devices enter the bipolar mode
since they have the same snap-back voltage level. Due to the
differences in stray circuit parameters, current mis-sharing is
initiated and one device conducts more current which means
that is more likely to reach the holding current earlier during
the negative dv/dt zone. If the other devices is not able to
reach that point within a very short time during the voltage fall
phase, it will fall back into unipolar mode, as the simulations
prove so.

VI. CONCLUSIONS

The effects of the primary snap-back voltage in the parallel
connection of high voltage RC-IGBTs are investigated to un-
derstand whether small snap-back could be problematic for the
application. The snap-back phenomenon has been investigated
by means of TCAD simulations of paralleled 1200V RC-
IGBT structures with different snap-back voltage levels and
variations in circuit parameters, showing that RC-IGBTs can
tolerate small primary snap-back levels. Devices with large
snap-back voltages at certain operating conditions could be
problematic due to current mis-sharing between parallel RC-
IGBTSs, which is happening in the first current ramp-up turn-
on period and not in the subsequent turn-on events. The
physical phenomena behind the snap-back instability is not
clear but becomes more critical as a high Vgp level occurs
at low temperatures. Additionally, the uneven internal current
distribution may deserve further investigation, as it will cause
inhomogeneous temperature distribution. So far, there is no
published data of parallel high voltage RC-IGBTs failures
which can be attributed to the primary or secondary snap-
back voltages, therefore, as the next steps would be to seek a
potential industrial partner to carry out the experimental work.
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