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The Plasma Extraction Transit-Time Oscillation
in Bipolar Power Devices—Mechanism,

EMC Effects, and Prevention
Ralf Siemieniec, Paul Mourick, Mario Netzel, and Josef Lutz

Abstract—Under certain conditions, radio frequency (RF) os-
cillations may occur during the turn off of bipolar power devices.
These oscillations are related to the plasma extraction transit time
(PETT) effect. The mechanism of the oscillation and the complex
dependencies for the occurrence of the effect are discussed in this
paper. Three-dimensional electromagnetic compatibility (EMC)
simulation is used to investigate modifications of the power module
layout that shift its resonance point and therefore, effectively sup-
press the unwanted RF oscillations. EMC measurements and
examples of failures of power electronic equipment related to the
occurrence of PETT oscillations demonstrate the necessity for
suppressing this effect.

Index Terms—Bipolar power semiconductor device, electromag-
netic compatibility, power module layout, transit-time oscillation.

I. INTRODUCTION

PLASMA extraction transit-time (PETT) oscillations are
high-frequency oscillations that may occur during the turn

off of bipolar power devices. This phenomenon has become
more important recently in the context of EMC problems [1],
but the effect itself has been known about for some time [2].
PETT oscillations were first found in power modules with
paralleled insulated gate bipolar transistor (IGBT) chips [1],
but they also occur in modules with paralleled free-wheeling
diodes (FWDs) as well as single IGBT chips [3]. Recent work
shows that these oscillations should be avoided because they
make EMC problems worse [4].

The analysis of this type of oscillation shows that the oc-
currence of this effect is related to complex dependencies be-
tween power semiconductor devices as well as the parasitic in-
ductances in power module interconnections [5]. In this paper,
we give an explanation of the mechanism of the PETT oscilla-
tions. Based on three-dimensional (3-D) EMC simulation, pos-
sibilities for preventing these oscillations are presented.
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TABLE I
DEVICE OVERVIEW

Fig. 1. Internal circuit and layout of power modules investigated in this paper.
(Left) High-side switch GAR. (Right) Low-side switch GAL.

Furthermore, the influence of these oscillations on EMC is-
sues is discussed in this paper. EMC measurement results are
presented along with examples of PETT oscillations resulting
in unexpected behavior of power electronic equipment.

II. MECHANISM OF PETT OSCILLATION

A. Theory of the PETT Effect

For investigations of PETT oscillations, specially designed
experimental power modules provided by SEMIKRON Interna-
tional GmbH Nuernberg in Germany were used. The ratings of
both module types, GAR (high-side switch) and GAL (low-side
switch), are given in Table I. In these devices, two FWDs as well
as two IGBTs were either paralleled in one group on one Direct
Copper Bonding (DCB) substrate, while two of these groups are
paralleled in one module to gain the desired current capability.
Fig. 1 shows the equivalent schematics as well as the layouts
of the two modules. Measurements were taken using a conven-
tional double-pulse method. Parameters such as reverse voltage,
forward current, rate of current change, stray inductance, etc.

0018-9383/$20.00 © 2006 IEEE
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Fig. 2. Measurement of a PETT oscillation in power module GAR, PETT
oscillation frequencies 694 and 744 MHz (V = 624V, I = 400A, di=dt =
6000 A=�s, and T = 300 K).

Fig. 3. Situation in the semiconductor at the occurrence of PETT oscillations.
Holes are extracted from a remaining plasma region.

could be chosen freely in a wide range. The possible tempera-
tures were between 225 and 425 K.

Fig. 2 shows the measurement of a PETT oscillation that oc-
curred during the turn off of a power module GAR. Since the
oscillation could not be measured directly in this case, an an-
tenna was used to detect the electromagnetic field generated by
the oscillations. The oscillations having a frequency of 720 MHz
occurred after turn on of the IGBT during the tail phase of the
reverse recovery of the FWD. The oscillation appeared suddenly
during a phase in which the tail current was already small, and it
vanished later. The measured signal was the result of the super-
position of two RF signals with slightly different frequencies,
744 and 694 MHz, corresponding to the two oscillating circuits
formed by the two FWD groups (cf. Fig. 1). An interaction be-
tween the two groups was neglected due to the higher inductance
formed by the connector between them.

Fig. 3 schematically shows the situation inside the diode at
the end of the reverse-recovery process. Fig. 4 shows, again in
a simplified way, the origin of the oscillations as well as nec-
essary conditions. The electrical field had already built up, and
there is remaining plasma near the nn -junction, feeding the
tail current. The basic mechanism for the origin of the PETT
oscillations is related to that of the barrier injection transit-time
(BARITT) diode [6], [7] which is used for low-noise microwave

Fig. 4. Origin of PETT oscillation. (a) High-frequency ac voltage
superimposed on dc voltage. (b) Injection current at w=w . (c) Current
at device terminals.

oscillator applications. In these devices, the electric field will
reach through the low-doped region of the entire device, and car-
riers are injected by thermionic injection at the barrier, which is
formed by either a Schottky- or p-n-junction. Unlike this injec-
tion mechanism, in case of the PETT effect the electric field
reaches a plasma region as it is usually the case during the
turn off of bipolar power devices. This mechanism is shown
schematically for a freewheeling diode in Fig. 3. The plasma
region is formed by remaining stored excess carriers that were
injected in the low-doped region of the power device to gain a
low on-state voltage and that have to be removed during the turn
off process.

The conditions under which oscillations may occur are
discussed in more detail in [1] and [8]. Here, to explain the
PETT oscillation, we first briefly analyzed the conditions
leading to an excitation or attenuation of a superimposed ac
voltage as shown in Fig. 4(a). At the maximum
of the ac voltage, holes are extracted from the plasma region.
The peak value of extracted holes is found at maximum value
of the positive ac voltage at ; thus, a current pulse

of injected holes is generated that is in phase with the ac
voltage [Fig. 4(b)]. This injected current flows through the
space charge region with the velocity . The corresponding
current density at the terminals of the device is expressed
by the Ramo–Shockley theorem [8] and shown in Fig. 4(c). The
current flow at the device terminals which is found in the time
interval , needed by the carriers for a transit of the space
charge region, starts at . The RF power is given by

(1)
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and is positive for , zero at , and negative at
. A negative value means RF power is generated with

a maximum found at . In other words, the device
shows “negative resistance” behavior as long as RF power is
generated.

The transit time is given by

(2)

The drift velocity in the space charge region depends on the
strength of the electric field, which has a triangular shape in this
case (see Fig. 3).

For the BARITT diode, the transit-time is given in first-order
approximation [8] by

(3)

where is the saturation drift velocity of holes under high-
field conditions (approximately cm/s in silicon). Note that
the drift velocity is lower than the saturation velocity for
a significant part of the space charge region. Continuing with
this simplification, and taking into account the point of max-
imum RF power generation , the frequency of the
PETT oscillations is approximated by

(4)

From Fig. 4 it follows that excitation of the superimposed ac
power is possible in a specific frequency range. It can be con-
cluded, that PETT oscillations occur only when the “negative
resistance” behavior found during one period is greater than all
other resistive components in the complete circuit. Moreover,
the phase shift between the oscillation voltage and the ac cur-
rent at the device terminals is essential for an occurrence of this
kind of oscillation. Furthermore, the efficiency of the RF gen-
eration is low, since power is always dissipated during the in-
terval (low efficiency is also a characteristic of
BARITT diodes [7]). Therefore, PETT oscillations only occur
if there is a resonance circuit formed by the junction capaci-
tance and the inductance of the bond wires, whose resonance
frequency has to be on the order of the transit frequency (4).

B. Simulation of the PETT Effect

It is possible to analyze this effect in device simulation.
Fig. 5 shows the simulation with ADIOS [9] of the turn off
of a single FWD under conditions causing PETT oscillations.
ADIOS solves the common semiconductor equations and also
considers recombination centers that arise from the use of
carrier lifetime control techniques. In our investigations, the
consideration of recombination centers in device simulation
becomes important since the FWDs of the power module GAR
are controlled axial lifetime (CAL) diodes [10]. In any case,
the specific technology of the FWD does not have a major
influence on the occurrence of PETT oscillations. Nevertheless,
carrier lifetime control has influence on the carrier removal
process, and was therefore considered in device simulation.

Fig. 5. PETT oscillation as a result of device simulation for two paralleled
freewheeling diodes (V = 624 V, I = 201 A, L = 0:36 nH, A =

1:2168 cm , T = 300 K).

Fig. 6. Hole density along vertical axis at different points in time.

The properties of the recombination centers were determined
in previous work [11], [12].

To simulate the reverse recovery process, the diode struc-
ture was switched from forward conduction state to the reverse
voltage via a time-dependent resistor. The time-dependence of
the resistor was chosen to be as similar as possible to an IGBT
turn on characteristic.

The area of the device that was used, 1.22 cm , represented
the total active area of both paralleled diodes of the module
shown in Fig. 1. The inductance nH represented the
inductance of the bond wires on the anode side; with the junction
capacitance for a depletion zone of 85 m a resonance circuit
with a frequency of approximately 700 MHz was formed.

For the excitation of a possible oscillation, at s a
small voltage step of 0.6 V was superimposed on the dc voltage
of 624 V. Under these conditions, a PETT oscillation as shown
in Fig. 5 did arise in both the current and voltage waveforms of
the diode. Fig. 6 shows the hole densities at different times as
simulated using ADIOS [9]. The cycling of carrier packets was
clearly visible. The hole concentrations were reasonably large
compared to the electron concentrations. This was evidence for
the hole extraction from the remaining excess carriers stored at
the nn -junction of the device.

The simulation showed that the investigated device was able
to exhibit PETT oscillations under conditions similar to those
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Fig. 7. Measured RF sensor voltage with respect to reverse voltage, forward
current, and temperature for R = 5 
.

presented in Fig. 2. To find PETT oscillations in device simu-
lation, a resonance circuit as well as an excitation pulse were
necessary.

C. Dependencies for the Onset of the PETT Oscillation

The occurrence of PETT oscillations depends on a large
number of parameters. The carrier drift velocity is sensitive
to the temperature and to the electric field strength E as well.
The effective width of the space–charge region mainly
depends on the applied voltage. The number of the remaining
stored excess carriers depends on the forward current density,
whereas the carrier removal process is strongly influenced by
the current slope , which again depends on a number of
parameters (gate resistor applied to IGBT, stray inductances,
etc.). Due to the high frequencies, which are related to the
power device structure, PETT oscillations are more likely to
occur in modules that have low parasitics. This is especially
true of modules that have a low inductance of the bond wires.

The resonance frequency of the parasitic LC circuit depends
on a number of parameters. The inductance arising from the
bond wires depends on length, diameter, material, and number
of the bond wires. The capacitance of the power device is gov-
erned by the active area and the width of the space–charge region
with the dependencies already discussed. Inductive and capaci-
tive parasitics of the power module itself depend on the layout
chosen.

Due to the high number of parameters, it is difficult to pre-
dict whether PETT oscillations will occur or not. For example,
in Figs. 7 and 8, the measured RF sensor voltage for the module
GAR is shown to depend on reverse voltage , forward cur-
rent , and temperature . The is controlled by the gate
resistor applied to the IGBT switch; therefore the influence
of this parameter is apparently shown as well. Obviously, the
PETT oscillation only occurs in a certain parameter range. Nev-
ertheless, within this range, the dependencies are rather com-
plex as can be seen on example of the module GAL. Although
this module shows a similar layout and uses identical IGBT and
FWD chips (see Fig. 1), no PETT oscillations were found here.

As another example, Fig. 9 shows the influence of the induc-
tance as a result of device simulation using ADIOS [3] with

Fig. 8. Measured RF sensor voltage with respect to reverse voltage, forward
current, and temperature for R = 15 
.

Fig. 9. Maximum of the simulated ac current amplitude with respect to the
inductance between two freewheeling diodes for different parameters (A =
1 cm ).

the method applied in Section II-B. The ac current amplitude
is shown as a function of the total inductance between the two
FWDs with temperature and reverse voltage as parameters. At a
temperature K, PETT oscillations were only possible
for very small values of the inductance. At higher temperatures,
it can be seen that oscillations can occur over a larger range
of inductance values. At a voltage of 600 V, the width of the
space–charge region was larger and the device needed a higher
value of the inductance for the resonance circuit to match the os-
cillation conditions. At increased temperature, the drift velocity
of holes was decreased, leading to an increased transit-time of
the holes through the space–charge region. Additionally, at high
temperatures, bipolar devices exhibit a more distinctive tail cur-
rent due to the increased carrier lifetime.

III. EMC ISSUES

In this section, examples of the influence of PETT oscillations
on the EMC properties are given. EMC measurements show a
clear deterioration of the EMC properties in case of PETT oscil-
lations. These results show that it is necessary to suppress these
oscillations. Two other examples emphasize that complete fail-
ures of the power electronic system may occur due to the pres-



SIEMIENIEC et al.: PLASMA EXTRACTION TRANSIT-TIME OSCILLATION IN BIPOLAR POWER DEVICES 373

Fig. 10. EMC measuring configuration.

ence of PETT oscillations. Not only are the EMC properties af-
fected, but the whole power electronic system fails.

A. Measurements for GAR/GAL Power Modules

High-frequency oscillations during the turn off process of a
power semiconductor results in an increase in electromagnetic
emission. This may cause the legally defined emission limits
to be exceeded by the device. The EMC measurements were
intended to estimate the emission caused by high-frequency
PETT oscillations in power semiconductors. Of course, the
exact noise level of the complete power electronic equipment
is influenced by a large number of parameters. Here, only the
problems arising from power semiconductors were investi-
gated.

The permissible limit as well as the measuring method for
ISM equipment is defined by the European standard EN55011
(international standard IEC CISPR 11) [13]. ISM includes
industrial, scientific and medical equipment, but excludes,
for instance, telecommunication or information technology
equipment, traction drives, equipment with electric drives
etc. In these cases, additional standards have to be taken into
account. The ISM standard was taken into account for the EMC
measurements as well as the EMC limits, but depending on
the specific goals of the measurements, some changes were
applied.

• The measurements were done in a typical, unshielded lab
because of the amount of work that would be required to
transport all the equipment needed for the transient charac-
terization of fast-switching, high-voltage power devices.
Therefore, the so-called “environmental electromagnetic
emission” caused by typical emission sources such as mo-
bile phones, broadcast, computers, etc. has to be consid-
ered.

• The distance between the device under test (DUT) and
antenna was reduced to 3 m instead of 10 m.

• The measurements were taken in a frequency range of 200
MHz–3 GHz instead of 30 MHz–1 GHz, since electro-
magnetic emission due to PETT oscillations was expected
to be found at higher frequencies.

Fig. 10 shows the basic configuration for the EMC measure-
ments. We used a logarithmic periodical antenna manufactured
by EMCO, Model 3147, and a Rohde&Schwarz spectrum ana-
lyzer, Model ESPI3.

Fig. 11 shows the result of the environmental EMC mea-
surement, which lasted two hours, followed immediately by

Fig. 11. Measurement of environmental electromagnetic emission
and frequency ranges of some typical emission sources (broadcast,
telecommunications).

Fig. 12. EMC measurement of modules GAR (PETT) and GAL in comparison
to environmental background radiation.

the subsequent measurements. The different gray-colored bars
shown in Fig. 11 mark frequency ranges used by broadcast
and telecommunication. Obviously, the largest interfering sig-
nals were caused by mobile communication equipment. This
measurement series is included in all further figures to give
evidence of additional generated signals that were caused by
the PETT oscillations we investigated.

PETT oscillations were observed only in the high-side switch
GAR. The oscillations occurred in the tail current, as shown in
Fig. 2. Fig. 12 compares EMC measurements of both module
types as well as the environmental measurement.

The PETT oscillation during the turn off of GAR caused two
sharp peaks in the frequency spectrum, appearing at 700 MHz
and 1.4 GHz, respectively, which could be assigned to the funda-
mental frequency and the second harmonic. The emitted power
was relatively small, but approximately 15 dB larger than the
signals found by turning off the low-side switch GAL. Although
the spurious radiation caused by PETT oscillation was relatively
low in strength, exceeding the EMC limits could easily have
occurred. In particular, this would be expected if more than
one power module is used, as is typical for power electronic
equipment.
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Fig. 13. EMC measurement of module GAR in the frequency range between
600 and 800 MHz.

Fig. 14. PETT oscillation causing an error signal in the power electronics of
a high-frequency converter (125 ns/div, 200 V/div, and 76 A/div).

In Fig. 13, the EMC measurement is shown in a smaller
frequency range. Therefore, the EMC measurement confirmed
that the two FWD groups were oscillating at slightly different
frequencies. Thus, this measurement is in agreement with that
shown in Fig. 2.

B. PETT Oscillations in a High-Frequency Converter

As an example of the effect in a real application, Fig. 14
shows the measurement of a PETT oscillation in a 1.8-MW
high-frequency converter. The operating frequency is around
100 kHz.

The oscillation was found in the tail current of the 1.2 kV
IGBTs in a voltage range from 630 to 680 V, and the effect was
more likely to occur at lower temperatures. Due to the complex
setup of the equipment which had more than 100 power mod-
ules, the PETT oscillation was seen under varying conditions.
The problem was that the onset of the oscillation generated an
error signal in the control unit (see Fig. 14). This problem was
solved by additional shielding around the power modules to pre-
vent any malfunctions when the oscillation was likely.

Fig. 15. PETT oscillation in a 3.6 kA power module of a traction application
(800 ns/div, 200 V/div, and 200 A/div (I of switch1), 400 A/div [I of
complete power module)].

The replacement of the power modules by another type that
offers an identical current capability but only uses two instead
of four FWDs (hence, one FWD per DCB) did not suppress the
PETT oscillations. The total active areas of the FWDs were al-
most identical; thus the conditions for the onset of PETT oscil-
lations remained unchanged.

C. PETT Oscillations in High-Power Modules for
Traction Applications

As a second example, Fig. 15 shows the measurement of
PETT oscillations during the turn off of the FWDs in a 3.6
kA high-power module for traction applications. The turn on
of the IGBT corresponded to the turn off of the FWD, and the
PETT oscillations occurred in the tail current when the FWD
was turned off. Here the oscillation occured in a wide voltage
range of 300–800 V. Unlike the other examples given, the os-
cillations were found at lower currents up to 500 A. Moreover,
the effect also vanished with increasing current slope , in-
dicating that the PETT oscillation could be found under varying
conditions. In this case, the oscillations were reliably suppressed
by using additional bonds as shorts (compare Section V).

IV. INFLUENCE OF THE POWER MODULE LAYOUT

A. Analysis of Basic Power Module Layout

The analysis of the power modules was performed using the
3-D EMC Simulator FLO/EMC [14]. The system solves the
complete Maxwell equations and uses a transmission line ma-
trix (TLM) for an efficient solution in the time domain. In the
TLM method, space is divided into cells modeled as the inter-
section of orthogonal transmission lines. The simulation pro-
ceeds in time from an initial field or voltage excitation. Voltage
pulses are transmitted and scattered at each cell, and the electric
and magnetic fields are calculated from voltages and currents on
the transmission lines at each time step.
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Fig. 16. Grid for 3-D EMC Simulation.

Fig. 17. Module layout for one FWD group, module GAR.

FLO/EMC offers the possibility to apply an excitation at sev-
eral ports inside the model. For the characterization of the power
modules, the excitation in the form of a delta pulse was applied
across an FWD. In this way the scattering parameters, namely
the input impedance, could be calculated [14].

There is no possibility to introduce real semiconductors into
FLO/EMC. Therefore, a simplified model is used which repro-
duces the correct junction capacitance or on-state resistance of
the devices (IGBT and FWD).

Fig. 16 shows the complete 3-D model of a power module, the
1.2 kV/600 A high-side switch GAR, including the simulation
grid provided for the calculations presented in this work.

Fig. 17 shows the layout of one of the two FWD groups in
detail. Fig. 18 shows the simulation results for the impedance
(as seen from the FWD where the excitation was applied) of the
power module GAR (see Fig. 1). The module had a resonance
point at a frequency of about 700 MHz, which was in accordance
with the oscillation frequency as given by the transit-frequency
(4) of the FWD. This resonance point was a necessary condition
for the appearance of PETT oscillation, and 3-D EMC simula-
tion can be used to predict resonance points.

Fig. 19 shows the calculated impedance for the module GAL.
Although PETT oscillations did not occur in this power module,
a resonance point in the same range as in the module GAR was

Fig. 18. Impedance of the module GAR shown in Fig. 17.

Fig. 19. Impedance of the power module GAL shown in Fig. 1(b).

Fig. 20. (Left) GAR and (right) GAL: Current flow during turn off process of
the FWDs.

found. Therefore, an existing power module resonance point in
the range of the transit-time frequency of the semiconductor did
not necessarily result in PETT oscillations. A possible explana-
tion may be seen in Fig. 20, which shows the reverse current
flow caused by the FWDs in both power modules. Obviously,
the current path in the power module GAL was different from
the current path in module GAR. The location of the time-vari-
able RF current might be significantly different in both modules.
Due to the fast switching transients, the current distribution was
also time-dependent because of the skin effect. Both precondi-
tions were not considered in FLO/EMC, because only a voltage
pulse can be used for the excitation of the simulation model.
Most probably, the different layout caused a different RF current
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Fig. 21. Module with removed bond wires.

Fig. 22. Impedance of the module with removed bond wires shown in Fig. 21.

Fig. 23. Module with additional bond wires shorting the anode contact areas
of the two FWDs.

path that damped the complete circuit and therefore prevented
the occurrence of the oscillation.

B. Analysis of Changes in the Power Module Construction

As first, two of the bond wires were removed as shown in
Fig. 21. Due to the increase of the total inductance of the bond
wires, the resonance point was shifted toward a lower frequency
(Fig. 22). Consequently, an increased number of bond wires
should result in a lower inductance and therefore in a higher
resonance frequency.

An obvious and efficient way for lowering inductance would
be to provide additional shorts between the anode contact areas
as shown in Fig. 23. This results in a clear suppression of the
module resonance in the transit-frequency range (Fig. 24) and
is in accordance with comparable results published previously
[2].

An interesting alternative is to provide additional bond wires
for both FWDs, which are connected via a separate small area of

Fig. 24. Impedance of the module with connecting bond wires shown in
Fig. 23.

Fig. 25. Module with additional bond wires connecting the anode contacts of
the two FWDs via a separate area.

Fig. 26. Impedance of the module with additional bond wires as shown in
Fig. 25.

the DCB as shown in Fig. 25. This moved the resonance point to
a frequency of approximately 900 MHz (Fig. 26). Alternatively,
the area that connects the bond wires can also be connected to
the anode area of the DCB. This resulted in an almost unchanged
impedance over the frequency range.

Another question is how the impedance of the module de-
pends on the capacitance that is caused by the module itself.

For this investigation, a part of the copper metallization of
the DCB carrying the FWDs was cut. Fig. 27 shows this layout
in detail. The simulation results showed that the separation of a
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Fig. 27. Module with changed capacitance of DCB.

Fig. 28. Impedance of the module with changed capacitance of the DCB
shown in Fig. 27.

Fig. 29. Module with changed layout and increased number of bond wires.

part of the copper area of the DCB did not cause any significant
change of the resonance point (Fig. 28). Moreover, the complete
removal of the whole cut metallization area did not show any
effect. In this case, the capacitance provided by the DCB areas
had almost no influence on the resonance frequency.

As a last example, Fig. 29 shows a module with a completely
different layout. This layout made it possible to double the
number of the bond wires and therefore to clearly decrease the
inductance. It was expected that this would shift the resonance
point to higher frequencies. The EMC simulation showed that
the changed layout resulted in more resonance points, as seen
in Fig. 30, and therefore the EMC properties were substantially
deteriorated.

V. PREVENTION OF PETT OSCILLATIONS

The onset of this oscillation depends strongly on external pa-
rameters such as temperature (which considerably influences

Fig. 30. Impedance of the module with changed layout and increased number
of bond wires shown in Fig. 29.

the value of the carrier drift velocity) or voltage. The condi-
tions leading to PETT oscillations as shown in Figs. 3 and 4
are similar to those seen in other bipolar devices such as IGBTs
or GTOs. In all devices showing a tail current, conditions exist
that can cause a situation as shown in Fig. 3.

To prevent PETT oscillations, the resonance point of the
power module must be different from the transit-time frequency
governed by the power device structure. In general, ways to
avoid this effect are to change the parasitic inductance formed
by the bond wires; change the active area of the power semi-
conductor itself, change the power module layout, or change
the internal structure of the power device.

A. Changes to the Power Device Structure

For the prevention of PETT oscillations, the device structure
could be changed to prevent a tail current flow. This prevents the
injection of carrier packets that can modulate the electric field.

Unfortunately, this is normally not an option. In fast FWDs,
a soft reverse-recovery behavior is essential for reliable
fast-switching power-electronic topologies. Soft reverse-re-
covery can only be accomplished by providing carriers until
the reverse-recovery current declines. One simple possibility is
changing the width of the low-doped region, but the minimum
width is given by the blocking voltage to be supported by
the device. An increase in this width always results in rising
stationary losses and switching losses, and therefore is not
advantageous. Also, note that PETT oscillations will not occur
as long as a large number of remaining excess carriers exist (as
in the beginning of the turn off process). The stored carriers
themselves simply cause a damping effect that prevents the
onset of oscillations.

For preventing PETT oscillations, it is therefore not partic-
ularly helpful to modify the device itself, but it is essential to
avoid an LC circuit that is in resonance with the transit frequency
given in (4).

B. Changes to the Power Module Layout

If an existing power module shows PETT oscillations, the
best way to suppress the unwanted oscillations is to provide ad-
ditional shorts by bond-wires between the anode contacts of the
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Fig. 31. Measurement of a PETT oscillation in power module GAR
with one bond wire shorting the anode contact areas on both DCB, PETT
oscillation frequencies 826 and 926 MHz (V = 624 V, I = 400 A,
di=dt = 6000 A=�s, and T = 300 K).

FWD in one separate group, as shown in Fig. 23. This clearly re-
duces the inductance of the bond-wires and shifts the resonance
point of the complete module into a higher frequency range,
which is in accordance with [2].

As example, Fig. 31 shows the measurement at a module
GAR, where one bond wire connected the anode areas of both
of the two FWD groups. The detected average oscillation fre-
quency was approximately 880 MHz, due to the decreased in-
ductance caused by the connecting bond wire. In the unchanged
module, the average oscillation frequency was approximately
720 MHz. Again, two different frequencies were found, 826 and
926 MHz, corresponding to the two oscillating circuits formed
by the two FWD groups. Surprisingly, the amplitude of the os-
cillation in the module with an additional bond wire increased
to approximately 1.3 V compared to approximately 1 V as in
the unchanged power module. A possible explanation of this
behavior is seen in Fig. 9, which shows that a reduction of the
inductance can cause an increase of the amplitude as long as
the maximum value of the amplitude was not reached. Both fre-
quencies (the resonance frequency of the external circuit and
the transit-frequency of the diode) just need to be in the same
range. As a consequence, it is not sufficient to apply only one
bond wire. Instead, as many as possible additional bond wires
should be applied to minimize the total inductance as much
as possible. In a power module GAR provided with five addi-
tional shorts (cf. Fig. 23), no PETT oscillations were found. This
result is in accordance with the prediction by the EMC sim-
ulations presented in Section IV-B, where the additional five
bond wires connecting the anode contact areas decrease the in-
ductance and therefore increase the resonance frequency of the
power module.

The active area of the semiconductor device is another im-
portant factor, since the capacitance related to the space–charge
is controlled by the space–charge width and the active area. As
shown before in Section III-B, the effect occurs as long as the
oscillation conditions are met, whether or not the active area is

split into several devices. If the power module ratings allow the
replacement with semiconductors having a different active area,
this will offer a possibility to prevent the onset of PETT oscil-
lations.

Another way to avoid PETT oscillations is to increase the
parasitic inductance between the individual chips by applying
highly permeable materials [15]. In practice, this is not recom-
mended, since turn off over-voltages may become very high.

During the development of new power modules, care should
be taken to ensure the resonance points of the power module
show a distinct mismatch with the transit-time frequency of the
power semiconductors. Here, despite their limitations, currently
available 3-D EMC simulation tools are helpful.

C. Requirements for Appropriate Simulation Systems

Unfortunately, there is currently no tool available that sim-
ulates the semiconductor device and its behavior in a power
module. It is not a simple task to find PETT oscillations in
mixed-mode device simulation, where basic power module
characteristics can be included as parasitic passive elements.
Otherwise, the range of the transit-time frequency of the
semiconductor can be easily determined from simple device
simulation of the reverse characteristics. Such simulations pro-
vide information about the width of the space–charge region,
and allow the estimation of the transit-time frequency of the
power device according to (4). 3-D EMC simulation systems
are able to identify resonance points of the power module. Al-
ternatively, one can compute the equivalent parasitic elements
of the power module and calculate the resonance points in a
common network simulation. Changes are necessary if both
transit-time frequency and resonance frequency of the power
module have similar values.

Ideally, a future simulation system for such tasks should solve
the full set of Maxwell equations for the complete construction,
and calculate the behavior of the semiconductor devices, e.g.,
solve the basic semiconductor equations. Although the capabil-
ities of computers steadily increase, this task still seems to be too
complex. A compromise might be to incorporate some kind of
circuit models into tools such as SPICE, but these models need
to compute the space charge region width, the resulting capaci-
tance, and the stored charges.

VI. CONCLUSION

High-frequency transit-time oscillations in bipolar power
semiconductor devices may occur during the tail-current phase
of the turn off process. The oscillations investigated in this
work are caused by carrier packets extracted from the re-
maining excess carrier region, which are transported through
the already-formed space–charge region, and which result in
oscillations due to interaction with parasitic LC circuits. Res-
onance frequency of the power module and transit frequency
of the carriers have to match in a certain range to effect oscil-
lations. To prevent plasma extraction transit-time oscillations,
the resonance point of the power module must be different
from the transit-time frequency governed by the power device
structure. In general, this effect can be avoided by a change
in the parasitic inductance formed by the bond wires, by a
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changed active area of the power semiconductor, or by changes
in the power module layout.

The use of a 3-D EMC simulation tool for the analysis of the
complete power module provides means for detecting the reso-
nance frequency and makes it possible to propose improvements
to the module layout. Although not all effects can be considered
in such simulations, the occurrence of PETT oscillations is reli-
ably prevented if the resonance point found in simulation differs
enough from the transit-frequency of the power device.
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