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Abstract

The occurrence of high-frequency impatt oscillations is related to the presence of
charged deep donor-states as generated by irradiation processes for carrier-lifetime
control. This effect is well-known in electron-radiated devices. Device simulation
predicts a similar effect in locally lifetime-controlled helium-radiated devices. The
experiment gives an approval of the simulation results, but shows some unexpected
effects as well. An analytical estimation sufficiently predicts the temperature

dependence of the threshold voltage for the onset of the oscillations.



1 Introduction

Transit-time oscillations in modern bipolar power devices are caused by different
mechanisms and could result in an annoyance of drive control units [1] as well as in an
dramatic increase of electromagnetic radiation [2]. In difference to oscillations due to a
current snap-off during turning off a power device (LC oscillations) or due to
harmonics, transit-time oscillations are high-frequency oscillations in the range of
200MHz ... 1GHz.

Impatt (impact ionisation transit time) oscillations are well-known from Impatt- and
other comparable transit-time diodes [3]. Here, a high-frequency signal is generated at a
voltage above the stationary avalanche breakdown voltage. Another mechanism is the
one used in Baritt (barrier injection transit time) diodes [4], where holes are injected
into the space charge region from the p -region of the diode. Related to that is the
relatively newly discovered Pett (plasma extraction transit time) oscillation [5]. In
contrast to the Baritt effect, the carrier injection into the space charge region is caused
by stored excess carriers in the remaining plasma of the device during the turn-off
process. Pett oscillations were first observed in modules with paralleled IGBT chips [5],
but meanwhile there were also found at paralleled freewheeling diodes and even in
single chips [6].

In difference, this paper is about dynamic impatt oscillations. These are high-frequency
oscillations which occur in carrier-lifetime controlled silicon power devices in the low
working temperature range (app. T<280K) at voltages well below the static breakdown
voltage [1]. They are caused by temporarily positive charged deep donors H(195K) —
related to the carbon-vacancy complex COVV — which are induced by irradiation and

annealing.



Although this type of transit-time oscillation is expected to occur at low temperatures,
outside the usual working temperature range of power devices, such failures may
happen in systems working under rough environmental conditions. This are, as example,
a building crane or a electric locomotive at low temperatures in winter time. If dynamic
impatt oscillations occur, the electromagnetic radiation generated by the oscillations
interferes with the drive-control and other electronic units, leading to a stop of the
power converter. The avoidance of these high-frequency oscillations therefore is
necessary because of their strong adverse influence on the drive control units and

because of EMC issues [2].

2 Experimental Setup

Measurements are done using a conventional double-pulse method. All devices have a
doping profile as shown in Fig. 1. After irradiation, all samples are annealed at T>600K

for 1h. Fig. 2 gives an example of a measured impatt oscillation of an electron-radiated

diode (E=4.5MeV, d=1E15cm™).

3 Simulation Model

Irradiation processes generate a number of centers with different energy levels in the
band gap of Silicon. Each generated level could act as a recombination center where the
total recombination rate depends on the emission and capture processes of each single
level [9]. For all simulations, the 2D device simulator TeSCA has been used [7]. This
simulation system solves the three fundamental semiconductor equations, which had
been extended to consider deep traps as well as their time-dependent charging processes

as described elsewhere [8-10]. Based on this model it is possible to predict the



behaviour of radiated devices with qualitatively and quantitatively good results which is

the precondition for the work presented in this paper.

4 Properties of Radiation Induced Centers

The knowledge of recombination center properties is essential for simulation purposes
as well as for the understanding of the device behaviour. In previous work, much efforts
were spend for the determination of the recombination center parameters [9,10]. Table 1
shows the properties of the relevant recombination centers as used in the simulations.
The fundamental properties of the radiation-induced centers were determined using
DLTS (deep level transient spectroscopy) measurements [11]. Since power devices are
usually operated at high injection levels, it is necessary to know the parameters of the
dominant recombination centers for a wide temperature range. In the devices
investigated in this work, the center E(90K) controls the carrier lifetime under high-
injection condition which allows the use of high-level carrier lifetime measurements.
Using the well known OCVD (open circuit voltage decay) measurement technique [12]
in combination with optical excitation of free carrier pairs to generate a large density of
excess carriers, it was possible to determine the capture rates of E(90K) over a wide
temperature range [9,13]. In case of the other recombination centers E(230K) and
H(195K), the temperature dependencies of the capture rates are extrapolated from the
DLTS data. Since these centers are characterised at higher temperatures, compared to

E(90K), the deviations caused by the extrapolation are assumed to be smaller.



5 Investigation of electron-radiated devices

Fig. 3 shows a simulation of an impatt oscillation, using a simple series circuit of a
time-variable resistor, a small inductance and an electron-radiated diode structure
according to Fig. 1 (E=4.5MeV, d=1E15cm™). During the turn-off, the generated donor-
states are positively charged and increase the background doping, which usually
sustains the blocking voltage. Avalanche breakdown occurs at the pn-junction region
due to the high electric field, which is shown in Fig. 4 for several points in time, and
generates electrons. These electrons counterbalance the positive donors and hence stop
the avalanche generation of carriers. Therefore, the avalanche generation rate changes
with time. Due to the electric field, the electrons are transported to the nn'-junction and
again, avalanche generation starts at the pn-junction.

Fig. 5 shows the electron densities along the vertical axis for different points in time.
The frequency of the oscillation is related to the transit-time which is needed by the
electron flow through the low-doped region of the device, depending on the carrier

saturation velocity vq4 and the width of the low-doped region wg:

feat ()

Wp
The measured oscillation frequency for the electron-radiated device (see Fig. 2) is in the
range of 850..950MHz in agreement with [1]. The determination of the frequency is
difficult due to interfering noise and resolution capability.
The impatt oscillation stops as soon as the positive donors are discharged, according to
the time constant which depends on the center concentration and the capture rates. The
device is now able to withstand the reverse voltage [1]. Fig. 7 shows the reduction of

density of the charged donor-states with time.



The onset of this effect depends mainly on the concentration of the deep donors and of
the temperature. Fig. 7 shows the comparison of measured and simulated values of the
onset voltage of impatt oscillations on electron-radiated recovery diodes. The simulated

and measured values show a sufficient accordance.

6 Investigation of helium-radiated devices

For local recombination center profiles (as generated by use of helium ions) in the low-
doped region of the device, device simulation predicts the occurrence of impatt
oscillations. Fig. 8 gives the center profiles as used in the preliminary simulations. Fig.
9 shows, as an example, one result of the device simulations for a diode with a deep
local recombination center profile. Obviously, dynamic impatt oscillations may occur
even in devices with a local recombination center profile.

For an experimental verification of the simulation results, devices were manufactured.
Helium irradiation with an energy of 11MeV was applied from the top side to samples
with an active area of 0.lcm”. Two different radiation doses of 1.4010'* cm™ and
2.100" cm™ are used (further referring to samples Hel4 and He21, respectively).

Fig. 10 shows a measurement of an impatt oscillation at the device He21. In difference
to electron-radiated devices, additional two current peaks are to be seen before the
oscillation starts. There is no sharp threshold voltage of the oscillation at the samples
He21. The voltage amplitude of the oscillation is much lower for helium-radiated
devices compared to electron-radiated devices. The oscillation frequency, app.
1.4...1.6GHz in the measurement of He2l, is higher compared to the oscillation

frequency of electron-radiated samples.



7 Temperature Dependence of Threshold Voltage

7.1 Experimental Results

A qualitative explanation for the different behaviour of the helium-radiated devices is
given by the simulation results of structures with a recombination center profile as
shown in fig. 8. Fig. 11 shows the electric field at different points in time which is now
trapezoidal as it were in presence of an additional n-doped buffer layer. This is caused
by the ionised donor-states, shown in Fig. 12, which obviously act as a kind of
temporarily buffer layer. Thus, the width of the low-doped region is reduced and the
oscillation frequency rises.

There is no definite threshold voltage in case of the helium-radiated samples. The
oscillation starts almost inappreciable and is therefore difficult to measure due to the
interfered noise. Consequently, the reverse voltage is measured at a condition, where the
avalanche-related current peak reaches a previously assigned value. Fig. 13 shows the
temperature dependent voltage for an avalanche current density of 30A/cm’. Now, in
case of helium-radiated samples, in the investigated temperature range the temperature
coefficient of the avalanche threshold voltage is found to have a mean value of 1.8V/K.

In contrast, in electron-radiated devices this value was measured to be 2.9V/K.

7.2 Analytical Estimation

The changed shape of the electric field, trapezoidal instead of triangular, results in a
weaker temperature dependency of the avalanche generation. An analytical estimation is
based on an abrupt junction and the impact ionisation coefficients in [14] with the

temperature dependency given in [15]:
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In case of a triangular-shaped electric field, the field strength results from:

_9qN
E(w) ==L (w=w,) §)
Ogr
Impact ionisation occurs, if the integration of eq. (2) along the base width of the device

results to one. Eq. (2) to (5) lead to the relation between the avalanche breakdown

voltage Vpj in dependence of the effective doping:
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The density of the charged donor-states Ntp~ depends on temperature and time [1].
During the conducting state, the deep donors are occupied with holes and the positively

charged donor concentration is determined from the stationary rate equation to:

Ny (7,6 =0)= 7

According to the values given in Table 1, the density of charged donor-states results in a
weak temperature dependence in the temperature range as used for the characterisation
of dynamic impact oscillations. Consequently, the temperature dependence of the
threshold voltage Vp; is mainly due to the temperature dependency of the impact
ionisation and of the thermal emission of holes after the reverse recovery current peak.
The positively charged deep donor states discharge with a time constant proportional to

the reciprocal emission rate of holes ex:

NTD+(T9t) =Ny exp[— € (td I rru )] (8)



Here, t4 describes the delay time until the reverse voltage reaches it’s final value. The
value of trrym 1s the point in time, where the reverse recovery current maximum is
found. For the determination of the onset voltage of the dynamic impatt oscillation,
measurements with high di/dt were used. In these measurements, the switching
behaviour of the IGBT is characterised by a mean value of t4-tgrm 0f 200ns.

The temperature dependence of the threshold voltage for the onset of impact ionisation
of the electron-radiated device could be estimated using the recombination center
properties of H(195K) as shown in Table 1 and eq. (6) to eq. (8), since the electric field
is triangular (see fig. 4). Under this conditions, a mean value of 2.3V/K is found
compared to the measured value of 2.9V/K.

In case of an trapezoidal-shaped electric field, the field-strength along the vertical

direction of the device results from:
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According to fig. 1, Ey,' is the field strength found at the nn'-junction. The integration

of eq. (2) after inserting eq. (9) and solving for the case of impact ionisation leads to:
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A analytical solution of eq. (10) is possible, if the field strength at the nn"-junction Epn+

is reasonable small compared to the field strength E, at the pn-junction side [16], or:
(b+1) (b+1)
E <<E, (1)
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The field strength E,, obviously results from:

E =g +3,, (12)

while the breakdown voltage in case of a trapezoidal-shaped field is:
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Finally, using eq. (9) to eq. (13), the avalanche breakdown voltage dependency in this

case is given by:
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In difference to the electron-radiated devices, the donor concentration and it’s
distribution profile along the vertical axis is not known. DLTS measurements are not
suitable for recombination center concentrations larger than the doping density, and
even recently proposed current transient spectroscopy (CTS) measurements [17] fails
due to compensating effects. Therefore, it is necessary to use the estimated center
distribution profile as provided for the simulations. Under this precondition, the base
width wp was extracted from the simulation results as well. Finally, the suchlike
estimated temperature dependence of the threshold voltage for the onset of impact
ionisation in case of a trapezoidal-shaped electric field is found to have a mean value of
1.2V/K. The value found in the measurements was 1.8V/K.

Taking into account the simplifications incorporated into the analytical expressions,
especially in case of the trapezoidal-shaped electric field (unknown recombination
center distribution), the temperature coefficients according to the analytical estimations
are in sufficient accordance with the measured values. The results of the analytical
derivation give evidence to the assumption, that a temporarily buffer-layer is formed by

charged deep traps.



8 Conclusion

In this work, the occurrence of dynamic impatt oscillations in homogenous and locally
carrier-lifetime controlled devices is analysed by means of device simulation and
compared with experimental results. Such oscillations, effected by temporarily charged
deep levels, are therefore found in electron-radiated devices as well as in devices
applied to high-energy helium irradiation. The specific behaviour of the helium-radiated
devices is explained by the formation of a temporarily n-buffer due to the temporarily
positively charged donor-states of generated centers, leading to a different shape
(trapezoidal instead of triangular) of the electric field. An analytical estimation of the
temperature coefficient for the onset voltage of the dynamic impatt oscillation, based on
the different field shapes, results in a sufficient accordance to the measured values.

To avoid these oscillations, it is necessary to restrict the number of generated donor-
states in accordance to the desired voltage range of the device. Therefore, irradiation

parameters as well as annealing temperature and time have to be chosen carefully.
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Tables

Table 1: Recombination center properties

Trap  Energy level Capture coefficients

cn [em’/s] Cp [cm®/s]
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Fig. 1: Basic structure of 1200V, 150A/cm” diode
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Fig. 2: Oscillogram of an impatt oscillation, T=275K, V=790V, Ji=15A/cm? (5A/div,

200V/div, 200ns)
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Fig. 3: Simulation of temporary impatt oscillation, T=300K, Vg=800V, J;=15A/cm’
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Fig. 4: Electric Field along vertical axis vs. time, T=300K, Vx=800V, Jr=15A/cm®
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Fig. 5: Electron densities at different points in time, T=300K, Vx=800V, Ji=15A/cm?
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Fig. 6: Density of ionised donor-states vs. time, T=300K, Vg=800V, Ji=15A/cm?
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Fig. 7: Threshold voltage of impatt oscillation for 4.5MeV electron-radiated devices in

dependence of temperature and irradiation dose. Measured values taken from [1]
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Fig. 8: Estimated recombination center profile of sample He21 for simulation
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Fig. 9: Simulation of temporary impatt oscillation of a device with local recombination

center distribution, T=300K, Vx=800V, Jg=1 5A/cm?
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Fig. 10: Measurement of impatt oscillation at He21, T=275K, VrR=790V, Jp=15A/cm’

(2A/div, 200V/div, 200ns)
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Fig. 11: Simulation of electric field along vertical axis vs. time for a helium-radiated

diode structure, T=300K, Vg=800V, J;=15A/cm*
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Fig. 12: Density of ionised donor-states vs. time in a simulated helium-radiated diode

structure, T=300K, Vx=800V, Jr=15A/cm>
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Fig. 13: Temperature dependence of reverse voltage for an avalanche current of

30A/cm? (helium-radiated samples)



