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Abstract 

The occurrence of Plasma Extraction Transit Time oscillations under certain conditions in high power 
semiconductors is investigated experimentally and theoretically. The experimentally obtained data allow 
for detailed studies of influencing parameters and are compared with theoretical models from the litera-
ture predicting the oscillation frequency. Refinements on the models are carried out for better matching 
the experimental findings. The accuracy of the oscillation prediction is improved.  
 

1. Introduction 
During the turn-off phase of a high power semi-
conductor high frequency oscillations can appear 
under special conditions. They spread out into 
the close vicinity of the device and possibly cause 
EMC disturbances. One type of high frequency 
oscillation is known as the Plasma Extraction 
Transit Time (PETT) effect occurring within the 
tail phase [1]. There are several measures to 
avoid these electromagnetic disturbances [2]. 
Models for predicting the oscillation frequencies 
by studying the behavior of charge carriers in the 
semiconductor are reported [3]. In the present 
work a refined model for the prediction of the os-
cillation frequency is presented. The theoretical 
approach is supported by extensive experimental 
findings. 

2. Reference Measurements 
on Diode Substrate 

 
Fig. 1 Schematic of substrate with four paralleled 

1700V power diodes 

For reference purposes measurements on a 
substrate with four paralleled 1700V power di-
odes is carried out (fig. 1). 
Fig. 2 shows a typical PETT oscillation occuring 
during the tail phase of the diode current (red 
line) measured by two antennas (green and blue 
line) at a diode voltage of UCC = 350V. Three in-
dependent oscillations with different frequencies 
are visible. Each of them can be related to one of 
three possible resonance circuits: the small-sized 
resonance circuits (fig. 1, red arrows) located be-
tween adjacent diodes, the middle-sized circuits 
(fig. 1, yellow arrows) located between next 
nearest diodes and a large-sized one (fig. 1, blue 
arrow) located between the outer diodes.  

 

Fig. 2 Example of a typical PETT oscillation 
taken at UCC= 350V, IC= 150A & Tj= 300K 
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In fig. 3 the measurement points of the oscillation 
frequencies taken at different DC link stray in-
ductances LK are congruent. Accordingly, 
changes in inductance far from substrate do not 
influence the resonance behavior. Therefore, it is 
likely that only the parasitic inductances on the 
substrate together with the diode capacitances 
govern the oscillation frequencies. 

 

Fig. 3 Measured oscillation frequencies at differ-
ent DC link stray inductance Lk taken at IC = 150A 

and Tj = 25°C 

One clearly recognizes from fig. 3 that the reso-
nance frequency increases with increasing DC 
link voltage. Due to the frequencies measured 
the skin depth in the conductors (bond wires, 
DCB metallization) is smaller than the diameters 
of the conducting structures. Hence, constant 
parasitic inductances are assumed. The voltage 
dependence of the frequencies is then only gov-
erned by the voltage dependent diode capaci-
tance as 
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Fig. 4 Results of the substrate measurements: 
PETT-frequency fosz as a function of the DC link 

voltage VCC at different tail current heights j. 

The oscillation frequencies are extracted by a 
FFT analysis from the experimental waveforms. 
The bond wire layout is changed several times 
for realizing a multitude of different resonance 
circuitries on substrate level by varying the in-
ductances. As a result, a widespread of meas-
urement points for the PETT oscillation frequency 
is found. The tail current density j measured just 
before the onset of the oscillations is analyzed 
(fig. 4). This provides an additional parameter 
used in the models below. 

3. Prediction of the oscilla-
tion frequency range 

In the tail current phase the space charge region 
is already established. At the cathode side of the 
device a plasma consisting of charge carriers still 
exists. The characteristic transit time for holes 
through the space charge region is denoted as tT. 
According to the Ramo-Shockley-Theorem an 
oscillatory behavior is expected within a fre-
quency range given by [4]: 
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There are different models to calculate the carrier 
transit time tT that are discussed below. 

3.1. Constant hole velocity 
Assuming a width wsc for the space charge re-
gion and a constant velocity vsat (saturation veloc-
ity) of the holes, the following equation is a com-
mon approximation for tT [4,5]: 
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Fig. 5 Measured oscillation frequencies com-

pared with the range limits given by the approxi-
mation of a constant hole velocity 
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The dependence of the resonance frequency on 
the applied DC voltage is governed by the rise of 
wsc with increasing external voltage. In fig. 5 the 
allowed frequency range according to eqns. (2) 
and (3) are plotted and compared with the ex-
perimental findings. Only a part of the measured 
data is within the calculated limits. The theoretical 
prediction overestimates the frequency range. 
The hole drift velocity does not reach the satura-
tion value. This is considered as one of the rea-
son for the discrepancy found. Furthermore, the 
injection and acceleration phase is not included 
in this simple approximation. 

3.2. Consideration of space de-
pendent hole velocity 

The general formula for the field dependence of 
the drift velocity of holes is given by 
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with an electric field constant Em [1]. For getting 
the carrier transit time, the reciprocal of the hole 
velocity must be integrated in the limits of the 
space charge region width. 

Fig. 6 Hole drift velocity distribution for different 
voltages Ucc applied externally. The saturation ve-
locity vsat=107cm/s (green) is shown for compari-

son. 

Under the condition of a triangular shaped elec-
tric field E(x) (Schottky approximation), the solu-
tion of the integral is given by the following equa-
tion: 
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with Emax being the electric field strength maxi-
mum at x=0 (center of the pn junction). 
The resulting equation is divergent in the loga-
rithmic term and hence cannot be used for a fre-
quency determination. The reason for the diver-
gence is plausible: for x wsc one gets vd,p 0, 
which then leads to a divergent contribution of 
1/vd,p in the integral. The spatial dependence of 
the hole drift velocity in the space charge region 
is plotted in fig 6 for clarity. 

3.3. Influence of finite tail current on 
charge density 

So far, the finite tail current was not considered. 
It is now incorporated as a constant hole current 
density jp. The Poisson equation has to be modi-
fied by introducing the positive charge of the 
holes given by jp/vd,p: 











+=⋅=

E
v

v
j

pq
v
j

p

sat

sat

p

pd

p

µ
1

,

   (6) 

and        

( )DNpq +=ρ .   (7) 

Substituting eqns. (6) and (7) into the one-
dimensional Poisson equation results in 
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with the concentration of donators ND, the spe-
cific and the relative permittivity ε0εr, the elemen-
tary charge q and the mobility of free holes µp [6]. 
Transposing eqn. (8) with respect to dx 
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and integrated along the electric field E consider-
ing the initial conditions. As a result, the width of 
the space charge region is: 
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The integration of eq. (9) also leads to the equa-
tion for the voltage as a function of maximum 
electric field Emax 
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and the equation of the carrier transit time 
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The carrier transit time in eq. (12) is evaluated 
assuming E = 0 at the beginning of the space 
charge region next to the plasma boundary. The 
electric field at the beginning of the space charge 
region, and even in the plasma region, is larger 
than 0 in reality. Therefore, the equation overes-
timates the carrier transit time. For adjusting the 
carrier transit time it is assumed that the holes 
start at a point where the diffusion current of 
holes jp,diff at the end of the remaining plasma 
equals the field current jp of the space charge re-
gion 

pdiffp jj =, .    (13) 

The diffusion current of holes is related to the 
field current by 

dx
dpqDj pdiffp −=,    (14) 

with elementary charge q, hole density p and dif-
fusion constant of the holes Dp. Inserting eq. (6) 
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with the thermal voltage VT, in eq. (14) delivers 
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Substituting the one-dimensional Poisson equa-
tion and eq. (6) into eq. (16) results in 
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Eqns. (12) and (17) lead to the electric field E0 at 
the beginning of the space charge region and, E0 
inserted in eq. (11), to a correction term t0 for the 
carrier transit time 

0ttt Tcorr −= .    (18) 

Including the hole current jp new limits for the fre-
quency range are deduced which are lower than 
the simple approximation taking into account only 
vsat (fig. 7). The evaluated limits underestimate 
the measured frequency range.  
The discrepancy between the measured data ly-
ing outside the estimated range and the upper 
limit, however, is much lower than in the simple 
approximation from above. The agreement with 
the measurements is improved considerably. 

 
Fig. 7 Measured oscillation frequencies com-

pared with the range limits from the approxima-
tion including the finite tail current jp 

4. Simulation of the oscilla-
tion frequencies 

For verifying the measurement results and con-
firming the three resonance circuits assumed so 
far the substrate layout is rebuilt in Ansoft Q3D 
Extractor [7]. With the help of this software tool it 
is possible to extract the parasitic resistances, 
capacitances and inductances of the substrate 
layout. Because Q3D Extractor cannot simulate 
the semiconductors themselves, the device simu-
lator Medici [8] was utilized to calculate the diode 
capacitance as a function of the DC link voltage 
UCC. Fig. 8 shows the simulated diode capaci-
tance which differs slightly from analytical results. 
Thus, the analytical calculations are considered 
as approximations only. The simulation considers 
the hole current density jp and the oscillation fre-
quency fosc in addition to UCC. 

 
Fig. 8 Comparison between the analytically cal-

culated and simulated diode capacitances. 

In a subsequently performed small signal analy-
sis using the Spice circuit simulator Simetrix [9] 
the equivalent circuits of the three resonance cir-



 

cuits are modeled independently. Finally, they are 
analyzed by a frequency sweep. 
Fig. 9 shows the circuit under study. The sub-
strate parasitics are according to the results from 
Q3D Extractor (dashed box) and given as a T-
model. The diodes are represented by their ca-
pacitance values, C1 and C2. Changing UCC 
needs the adjustment of the diode capacitances 
according to the results shown in fig. 8. 

 
Fig. 9 RLC circuit of substrate model (dashed 
box) and the two diodes C1 and C2 as used for 

AC sweep analysis in Spice. 

The frequency of the current source on the left 
side is swept while a voltage probe on the other 
side is plotting the resulting voltage amplification. 
At amplifications far beyond 1 the resonance fre-
quency of the simulated circuit is detected. 
Fig. 10 shows the results of the simulation in 
comparison to the experimental data. The devia-
tions between simulation and measurement do 
not exceed more than 5%. The match between 
the experimental and the simulated data proofs 
the consistence of assuming three independent 
resonance circuits on the substrate. 

 
Fig. 10 Comparison between the measured data 

and the simulation results. 

5. Conclusion 
The paper presents extensive experimental and 
theoretical results on PETT oscillations on power 
diodes. Different models for predicting the oscilla-

tion frequencies are discussed that fit the ex-
perimental findings with different levels of accu-
racy. It is shown that the calculation of the fre-
quency range incorporating the influence of 
current density is closer to the measurement data 
than the approximation based on a constant hole 
velocity. 
Three different resonance circuits are found ex-
perimentally. Using simulations of the parasitics 
the circuits on substrate level are identified. 
The higher confidence reached using the pro-
posed models seems to improve the feasibility of 
a prediction of possible occurrence of PETT os-
cillations in an earlier stage of development 
where no prototypes are available. Thus, the 
quality and reliability of the power semiconduc-
tors is improved. 
Next steps of the work are the extension of this 
investigation to other layouts to ensure the quality 
of the methodology. 
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