Nanosecond switching using power MOSFETs
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it is shown that using the secondary breakdown effect of a bipolar transistor, often cailed an
avalanche transistor, the large input capacitance of a power MOSFET may be charged very
quickly. A power MOSFET driven by an avalanche transistor is used to generate electrical
pulses of > 800 V into 50 {} with rise times of approximately 3 ns. The cutput pulse amplitude
can be varied by adjusting the drain-source voltage of the power MOSFET. The trigger delay
of this circuit is approximately 5 ns, with jitter of < 100 ps. This circuit has been used to
generate pulses at a repetition rate of greater than 1 kHz.

i INTRODUCTION

Fast rise time (nanosecond) high-voltage (hundreds of
volts) electrical puises find many applications in instrumen-
tation for fast transient measurements. Some typical applica-
tions are laser diode drive circuits, sweep circuits for CRT
streak cameras, the gating of microchannel plates and pock-
els cells, and the triggering of scopes and transient recorders.
We have designed a circuit that uses an avalanche transistor
to turn on 2 Power MOSFET that produces a pulse of > 800
Vinto 50 { with a rise time of 3 ns.

The use of avalanche transistors for nanosecond pulse
generation is well known.! Power MOSFETS are a new tech-
nology that has been primarily used for power supply de-
sign.” These power MOSFETs are actually made up of hun-
dreds of smaller MOSFETs arranged in an array and
integrated on one substrate.

Section 11 wiil discuss the design of pulse generator cir-
cuits using MOSFETs. The last two sections will give the
experimental results and concluding remarks.

ii. DESIGNING WITH POWER MOSFETS

The electrical model of a power MOSFET is shown in
Fig. 1. When using the MOSFET as a switch the gate source
and gate-drain capacitance must be charged and discharged.
The parallel combination of these capacitances is called the
mput capacitance. This capacitance can be greater than 2000
pF in some cases. The ability of a gate driving circuit to
charge the large input capacitance of the power MOSFETs
will determine their switching speed. The gate, source, and
drain lead inductances impede the transfer of charge to the
input capacitance and must be considered when designing a
gate driving circuit. The source and drain inductances com-
bined with the drain-scurce capacitance impede the drain
current when switching takes place and ultimately limit the
rise time of the pulse.

It is desired that the gate driving circuit have an output
impedance that is very small. Having a lower impedance
driver increases the current drive capability so that a large
input capacitance may be charged more rapidly. There are
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two approaches to achieving this small impedance. The first,
and by far the most common, is {0 use an emitter follower or
several emitter followers. This method is rather complicat-
ed, sometimes requiring as many as five stages to achieve
nanosecond rise times.” The second method is to use an ava-
lanche transistor to drive the input capacitance. This is the
method we use.

The major concern when using an avalanche driver is
not to overdrive the gate. The silicon dioxide layer can be
perforated if the gate source voltage exceeds the manufac-
tures specification and is the most common cause of failure
in a Power MOSFET. This is where the lead inductances can
actually help the designer by dropping part of the driver
pulse voltage. A siinpie but effective method of protecting
the gate is putting a zener diode between the gate and source.
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FIG. 1. Electrical model of a power MOSFET.
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FIG. 2. Schematic diagram of MOSFET pulser.

The reference voltage of the zener is selected such that it is
lower than the maximum rating of the gate-source voltage.

The schematic diagram of our pulser is shown in Fig. 2.
When an input trigger is applied to the circuit the 2N3904,
operating in the avalanche mode dumps the charge stored in
the collector capacitor into the gate of the MOSFET and the
510-£} load at the emitter. The charging of the input capaci-
tance in this fashion rapidly turns the MOSFET “ON” cre-
ating the output pulse. The lower limit on the load imped-
ance of the avalanche transistor is set by the amount of
power that can be dissipated without destruction. The upper
limit is determined such that the transistor never enters the
active region when it is switching. The upper limit is not a
concern when driving a Power MOSFET. The value of the
collector capacitor must be large enough to supply the
amount of charge needed to charge the input capacitance,
but not so large as to overvoltage the gate. We found that 470
to 3000 pF was a good value for the collector capacitor in
Fig. 2.

lil. EXPERIMENTAL RESULTS

Figure 3 shows the output waveform of the pulser with 1
kV applied to the drain. The switching efficiency is greater
than 80%. The inset waveform in Fig. 3 shows a 10%-90%
rise time of 3 ns. Figure 4 shows different output pulse ampli-
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FIG. 3. Qutput of pulser with 1 kV applied, inset waveform shows rise time.
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FIG. 4. Gutput with + HV = 800, 600, 400, and 200 V.

tudes with 800, 600, 400, and 200 V applied to the drain.
Putting a zener diode between the gate and source did not
affect the rise time of the output pulse. The junction capaci-
tance of the zener diode, IN3033 36 V, was approximately
350 pF. Adding the capacitance of the zener diode while
maintaining the same rise time shows this method of driving
the MOSFET is very robust. That is, rise time does not
change within the normal tolerance of input capacitance
from device to device.

Figure 5 shows the voltage waveform at the gate with 1
kV at the drain. Some manufacturers specify the maximum
gate source voltage of their power MOSFETs at + 20V
while others specify + 40 V. We have assumed a + 40V
maximum. Without zener diode protection in the circuit of
Fig. 2, we have generated greater than 10° pulses. With lower
power MOSFETs, we have found that due to the lower input
capacitance, the gate can be destroyed if the protection zener
diode 1s not included. We conclude that when using the ava-
lanche driver a zener diede should be included in every case.
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FIG. 5. Waveform at gate of MOSFET.
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Using lower power MOSFETs, such as the IRF
840(500 V), we were able to atiain switching efficiencies
approaching 100%. Variable output pulse amplitudes may
be obtained by setting the drain source voltage to the desired
output pulse amplitude. Other MOSFETS manufactured by
Motorola, Siliconix, and International Rectifier have also
been driven using this method. The results are switching
times in every case of less than or equal to 3 ns.

The maximum repetition rate of this circuit was found
to be greater than 1 kHz. The limiting factors influencing the
maximum repetition rate are the rate at which the collector
and drain capacitance are charged and the power that can be
dissipated by each transistor without damage. The measured
jitter of this circuit was less than 100 ps while the turn on
delay time was approximately 5 ns.

The circuit was constructed on a breadboard. The input
and output connectors were SMAs. The only special tech-
nigue used was to keep the lead lengths of the components as
short as possible. This meant putting the components very
close together.

V. DISCUSSION

There are many advantages to generating several
hundred volt, nanosecond pulses with this two transistor cir-
cuit over conventional avalanche pulsers. The cutput vol-
tage can be varied over a large range simply by changing the
drain bias. The output impedance of the MOSFET pulser is
lower, making it easier to use with pulse forming lines. An-
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other advantage of the low cutput impedance is the ability to
drive lower impedance loads. Output impedance can be
further reduced by the use of several MOSFETSs in parallel.
Connecting avalanche transistors in parailel is very diffcult
to implement. The MOSFET is much more rugged than the
strings of avalanche transistors used to generate pulses of
comparable amplitude and rise time. The MOSFET pulser is
capable of generating much wider puises than avalanche
pulse generators. And finally, since there are only two tran-
sistors, the PC board fabrication is simpler.

Future work will mainly be concerned with pulse form-
ing techniques. That is, the use of pulse forming lines for
generation of rectangular pulses, stacking, and paralleling
MOSFETs for higher voltage and current capabilities, re-
spectively, and the use of pulse sharpening diedes for shar-
pening the leading edge of the pulse.*
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