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INTRODUCTION

Under certain conditions, when a rapidly rising voltage waveform
is applied from drain to source of a supposed “off” MOSFET, the
device will turn-on. dV/dt turn-on is well known in SCRs and
bipolar junction transistors (BJTs). This phenomena in
MOSFETs is similar in many respects except that dv/dt turn-on
occurs at much higher rates than it does in either SCRs or BJTs.
Because spurious turn-on can be destructive, it is of serious
concern in those applications where it might occur.

Several different modes of dVpg/dt turn-on have been identified,
and in most cases, turn-on may be eliminated or the effect of turn-
on may be reduced to an acceptable level.

"To eliminate this problem, the mechanisms of the turn-on modes,
the consequences of spurious turn-on, the means for reducing or
eliminating turn-on, and the applications where turn-on is likely
to be a problem, must be understood. The following discussion
intends to provide the basic information on dVpg/dt turn-on
needed by the design engineer.

Equivalent Circuit Model

Figure 1 is an equivalent circuit model for a power MOSFET
which includes the parasitic elements within the device and within
the drive circuit (Rp, Lp, Vy).
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N Channel MOSFET Equivalent Circuit
Figure 1

The parasitic NPN BJT, an integral part of the device structure, is
present in all VMOS and DMOS devices. To minimize the effect
of the BJT, Ry, is made as small as possible, and Hgg is low. None
the less, in some circumstances the BJT can be turned on.
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The impedance of the drive circuit (Zgs) may take many forms, but
the series R, L, battery is representative. R comes from several
sources: resistance deliberately placed in series to limit the peak
current or reduce the rise time of Vg, bypass capacitor ESR, wir-
ing resistance, the on resistance of drive switches, etc. Lp is due to
the physical size and layout of the drive circuit. If a transformer is
used for drive isolation, the primary-to-secondary leakage induc-
tance will add to Lp. When series diodes or BJTs are used in the
drive circuit, an equivalent series battery (Vp) is present. In some
cases, a DC bias may be present, so Vp could be either positive or
negative. Cy,y represents the parasitic capacitance from drain to
gate due to the circuit layout. This capacitance may be as large or
larger than the intrinsic Cyq if careful layout is not used.

R is the internal gate resistance. The value of this resistance varies
from 0.05 to 5.0Q depending on the manufacturer and the size of
the device. Siliconix devices typically run from 0.5 to 4.0Q.

The intraterminal capacitances of a MOSFET are functions of
Vps as shown in Figure 2*. Because Cgd and Cds are functions of
Vps, spurious turn-on will depend on both dVpg/dt and Vps,
which complicates the analysis. In the following discussion, the
body-drain diode will be mentioned. This diode is the base-
collector junction of the parasitic BJT.

* NOTE: Because Cpe >> Cgp, Cgp ~ Cas
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The following modes of dVpg/dt turn-on have been observed:
1. Device quiescent: Zg high, MOSFET turns on.
2. Device quiescent: Zg low, BJT turns on.
3. Body-drain diode conducting: Z 4 low, BJT turns on.
4. Body-drain diode conducting: Zg low, BJT goes into
avalanche breakdown.

MODE 1 TURN-ON

The equivalent circuit for mode 1 turn-on is given in Figure 3 along
with a generalized waveform for Vg,. The exact nature of the Vg,
waveform will be a function of Zg and Cray, but in general, the
lower the impedance presented by Z g and the lower the value for
Citray, the lower the peak value of V. If Vgsexceeds Vi, the device
will turn on. In most applications, the amplitude of Ip, during
turn-on will be limited by Rpg(on)- This mode of turn-on is not
usually destructive, although it will increase the power losses.
Figures 4 and 5 show actual turn-on waveforms when Zg
is resistive.
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Mode 1 Spurious MOSFET Turn-On Rg = 10 OHMS

Figure 4

Even when the FET is not turned on, a pulse of drain current will
be present due to the intraterminal capacitances. An idealized
waveform for this case is shown in Figure 6A, and a more realistic
waveform is shown in Figure 6B. There will always be some series
inductance which, when combined with the nonlinear capaci-
tances, produces a distorted, damped sinusoid.

This current pulse will be reflected into the switch which is genera-
ting the positive dVpg /dt.

One additional complication to mode | turn-on has been suggested
but not observed. If the FET is turned on, it is possible for parasitic
oscillations to occur. This would raise Vy and increase the power
dissipation. Itis possible for the gate to be ruptured if Vy, becomes
large; however, if oscillation is not present during normal switch-
ing, it is unlikely that it will occur during mode 1 turn-on.
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Mode 1 Spurious MOSFET Turn-On Rg = 50 OHMS

Figure 5
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Pulse Drain Current Waveforms

Figure 6

The best way to detect potential mode 1 turn-on is to observe the
gate-to-source voltage waveform with an oscilloscope. If a signifi-
cant voltage spike appears during the drain voltage transition then
some positive action will have to be taken to reduce the pulse
amplitude.

MODE 2 TURN-ON

The equivalent circuit for mode 2 turn-on is given in Figure 7,
along with Vpg and I waveforms. The mechanism for this mode
of turn-on is quite simple. As Vg slews, current will flow through
Cgp- If enough current flows so that the voltage across Rb exceeds
~0.65V, some of the current will flow into the base, turning on the
BJT. In contrast to mode 1, the acceptable dVpg/dt rate is only a
function of the device design, not of the external circuit elements.

The result of Mode 2 turn-on can be harmless or catastrophic
depending on Vpg and the magnitude of the base current.
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In a BJT, the collector-emitter breakdown voltage is a function of
base-emitter impedance and of the current flowing in the device.
This point isillustrated in Figure 8. For low values of Ry, and zero
base current injection, BVpgg is equal to BVcgx for the BJT. This
is the data sheet voltage rating for the device. Once base current is
injected, however, the breakdown voltage drops dramatically to a
level < BVcgg, which may be as low as 14 BCcgx. If Vpg is
> BVcgp and base current is injected, the device will go into
avalanche breakdown. Furthermore, if Ip, is not limited by the
external circuit, the device can go into secondary breakdown and
will be destroyed.
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Figure 8

So much for the bad news. Now for the good news. In modern
MOSFETs, the dVpg/dt rate at which mode 2 turn-on can be
initiated is generally very much higher than most applications will
ever see. The dVpg /dt limits for Siliconix devices are shown in
Figure 9. Realize that the rates shown correspond to transition
times of one to three nsec. Very few applications require transitions
this rapid. Even testing at these rates is a formidable problem.
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MODE 3 AND MODE 4 TURN-ON

Frequently the body-drain diode is used as a catch diode for an
inductive load. In a few applications, such as sinewave synthesis or
some motor control schemes, the positive d Vg /dt is applied while
the diode is conducting. Figure 10 shows the equivalent circuit for
this condition. Just prior to the application the voltage ramp, Iy is
flowing through the BJT in a reverse direction. Much of the cur-
rent will flow through Ry, and the collector-base diode. Even in the
inverted mode, however, the BJT will have some current gain, and

Mode 3 Equivalent Circuit

Figure 10

a portion of Ig will flow in reverse through the emitter, as indica-
ted. As a result of this current flow, the device is saturated with
charge, i.e., it is hard on at the moment the dVpg/dt is applied.
Typical voltage and current waveforms for mode 3 operation, with
and without turn-on, are shown in Figure 11. Figure 11A shows
the waveforms for the case where the BJT does not turn-on and
thus acts like a normal P-N junction diode. Looking at the wave-
forms, the sequence is initiated by a switch closure att = t,. The
current through the diode begins to reverse at a rate (d1/dt) which
is determined by the switch transition time and /or the circuit series
inductance. If the switch transition is very rapid, the circuit
inductance will dominate; conversely, if the transition is slow, the
switch dominates. During the interval ty-t;, Vpg changes only
slightly (-1 to +1 volt). Vg does not change significantly until I
reaches its maximum value and begins to fall. Att=t,, Vg begins
rising rapidly. The rate of dVpg/dt at this point is determined by
the circuit series inductance, the peak current and the recovery
charateristic of the diode. The recovery characteristic is in turn a
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Mode 3 Waveforms

Figure 11

function of the initial dI/dt. This relationship is illustrated by
Figure 12. The more rapid dI/dt, the greater will be the peak
amplitude of Iy, Q, will be larger and trr shorter. More important,
the dI/dt during the interval t;-t3 becomes greater as the initial
dI/dt is increased. In some diodes, dIp/dt can increase dramat-
ically and can form a sharp step or snap as indicated in Figure 13.
At lower levels of initial dIp/dt, the step may not be present, but
as the initial dIp/dt is increased, the step appears. This current
step during recovery can generate extremely high rates of dV/dt in
the circuit.

A further complication exists: the diode recovery characteristics
are also influenced by the magnitude of I, during reverse conduc-
tion. This relationship is shown qualitatively in Figure 14.

Figure 11B shows the waveforms when turn-on is present. Two
cases are shown: recovery without damage and catastrophic
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Variations in Ty and Q,, with di/dt

Figure 12
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failure. Notice that the BJT turn-on occurs during the interval
t;-t3 and is triggered by the dVpg/dt resulting from the recovery
characteristic of the diode. The dVpg/dt during the interval t)-t3 is
related to the switch transition time, but it is not a direct function.
This is very different from modes 1 and 2 where the current wave-
forms are coincident with and directly proportional to the
transition time.

Mode 3 turn-on is an indirect function of transition time and is
more directly controlled by the circuit and the recovery character-

istic of the device. In terms of rating the device for dVpg/dt
capability, the appropriate voltage transition is not the switch
transition but rather the transition which appears across the diode
during the second portion of the recovery interval.

This complex interaction deserves a more detailed examination.
The following discussion uses a successive approximation to
explain what happens during mode 3 operation.

An equivalent circuit for mode 3, where turn-on does not occur
and the device can be viewed as a diode, is given in Figure 15. Note
that the inductive load current is assumed to be constant during
the recovery interval and is represented by a current source. L,
and L, are the circuit parasitic inductances.

I=11+12

Vg=Vi+ V2+ Vg

diy _di2 Vi=Va

=L G- —

Mode 3 Equivalent Circuit

Figure 15

The reverse recovery current waveform (I;) can be approximated
by triangular waveforms as shown in Figure 16. From this
approximation, the voltage (V3) across the diode is easily deter-
mined, as shown. The critical point in the waveform is the rapid
and large positive transition which occurs when the waveform
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Triangular Waveform Approximation

Figure 16
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di/dt reverses. The amplitude of the transition is a function of
di/dt during recovery—a diode characteristic. A diode with a
snap characteristic would generate a very rapid, high amplitude
voltage spike.

Figure 16 indicates an infinite dVpg/dt, which is not what is
observed. A better approximation would be to use a trapezoidal
waveform as indicated in Figure 17. Figure 17 also shows the
actual waveforms. From this figure, we see that the large voltage
transient still exists. Its amplitude is essentially the same, but the
dVpg/dt is finite. We can see that the reverse recovery character-
istic of the diode determines both dVpg /dt and the amplitude of
the transients.

The device could respond to the voltage transient in several ways:
1. Ifthe amplitude is small and d Vg /dt moderate, the device
recovers normally.
2. Mode 3 turn-on could occur without avalanche break-
down.
3. Mode 4 turn-on could occur; i.e. the device avalanches
before the BJT turns on.
4. Mode 3 turn-on could occur, lowering BVpgg, leading to
avalanche breakdown and perhaps second breakdown.
Each of these turn-on scenarios is potentially destructive.
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Figure 17

The complexity of the interaction between the parameters makes
it difficult to characterize FETs for mode 3 and 4. Figure 18
displays the results of preliminary testing of Siliconix devices.
Competitive devices were also tested and found to be no better at
best, and much worse in some cases. While this curve is hardly
definitive, it does show that modes 3 and 4 turn-on levels are an
order of magnitude lower than mode 2. The dI/dt levels used in
the testing were in the range of 150 A/usec. This is representative
for motor control or low frequency AC synthesizer; however, LF
transmitters and sonar transducer drivers would be expected to
have much higher dI/dt rates which would further reduce the
acceptable dV/dt.

Fortunately, mode 3 operation is restricted to a few special
applications such as:

1. Motor drives and sinewave inverters where multiple
repetitive pulsing of the switches occurs.

2. Highly reactive resonant loads, such as found in LF
transmitters, sonar transducer drivers, and induction
heating equipment.

3. Synchronous rectifiers where the body-drain diode is
allowed to conduct.
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Figure 18

The Effect of Radiation and Tj on dVpg/dt

The effects of Tj and radiation on dVpg /dt behavior have not been
discussed. While little testing has been done, trends can be identi-
fied. Vth has a negative temperature coefficient of four to eight
mV/°C, so that at high temperatures Vth is lower. This will lower
the rate at which mode 1 turn-on occurs. At higher temperatures,
Vye will decrease in the BJT, and the gain will increase. Both of
these effects will reduce the acceptable dVpg /dt rate for modes 2
and 3.

Ionizing radiation has two effects for total doses above
10KRad(Si). First Vth is reduced, and second the gain and diode
recovery time of the BJT are reduced. This implies that mode 1
performance is degraded, but modes 2 and 3 should be improved.

How To Avoid dVpg/dt Problems

In most circuits, dVpg/dt turn-on may be avoided. There are
many ways to accomplish this:
1. Reduce dVpg/dt
Low impedance drive circuits
Good circuit layout practice
Negative gate bias
Series drain diode
Snubbers
Turn-on of the FET during commutation
Use MOSFETs with good dV/dt performance
9. Current fed topologies

NI BE WD

The most obvious way to reduce dV/dt problems is to slow the
switching speed. This can be accomplished easily by adding resis-
tance in the gate as shown in Figure 19. The diode is added to
provide a low impedance when the device is off so that mode 1
problems do not arise.

dV/dt Slowdown Circuit
Figure 19

The best means to avoid mode 1 turn-on is to use a low impedance
driver and good circuit layout. Figure 20 illustrates how to design
a good drive circuit. It is also very helpful to reduce the noise and
ringing in the overall circuit.

Siliconix
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In very noisy environments, it may be necessary for Vgs to be
negative during the switch off interval. The noise coupled to the
gate will have to overcome a potential of Vi, + Vpiag.

Minimize Parasitic .
Feedback Capacitance —__ :é'

* Twisted Pair Reduces:
¢ Inductance
* Noise Pickup

¢ Parasitic Oscillation Connect Direct To MOSFET Terminal
ekt s

Low Impedance Drive For:
® Fast Switching

* Minimize Noise Pickup
® Minimize dV/dt Turn-On

Circuit Layout to Reduce Mode 1 Turn-On

Figure 20

Figure 21 shows how to lay out an H-Bridge switch-mode power
converter primary to minimize noise, ringing, and coupling from
one point of the circuit to another. The principle is quite simple;
first identify those paths in the circuit where the switched currents
are flowing and then minimize the inductance and radiating area
of these current loops. These techniques will not only reduce
dVpg/dt turn-on but will be beneficial in reducing EMI, elimina-
ting voltage spikes and generally cleaning up the circuit
waveforms.
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Figure 21B

Mode 3 performance may be improved by reducing or eliminating
the current in the body-drain diode. Two ways to do this are
shown in Figure 22. In (A) the FET channel is turned on to divert
current away from the body diode. This can be very effective as
shown in Figure 23. Figure 23 is a superposition of the FET and
diode conduction characteristics ina VNEOO3A. In this particular
device, the diode would not start conducting until I5>30 Amps.

Another method which eliminates diode conduction entirely is
shown in (B). A low voltage diode is placed in series with either the
drain or source, and a normal diode is added in parallel to carry
the commutation current. This approach will eliminate mode 3
turn-on, but there is a penalty in the power cost in the series diode
and in the extra cost of the external diodes.

In extreme cases, snubbers may be used to reduce the dVpg/dt,
the transient amplitude and to limit current pulses if turn-on
should occur.

(A) (B)
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Shemes for Reducing Body-Drain Diode Conduction

Figure 22

Body Diode/Forward Conduction Comparison

Figure 23

The effect of dV/dt turn-on will depend on the impedance of the
circuit in which the device is being used. For example, the circuit
shown in Figure 24A is a voltage fed switch-mode power con-
verter. When S1 is closed, a positive dVpg/dt will appear across
S2. If S2 is turned on then a short circuit will appear across the
transformer winding. There is little to limit the current because the
source impedance is very low. Given the same circumstances in
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Figure 24B, the series inductor will limit the rate of current rise.
The probability of damaging the switches will be reduced.

(A)

20-30v

D1 Boost Converter

Voltage and Current Fed Converters

Figure 24

CONCLUSIONS

dVpg/dt turn-on does exist in power MOSFETs, so the following
conclusions may be drawn:

1. Mode 1 is primarily a circuit problem which can best be
eliminated by using low impedance drives and good circuit
layout techniques.

2. Mode 2 occurs only for very high values of dVpg/dt;
therefore, this is seldom a problem.

3. Modes 3 and 4 are potentially the most troublesome but
occur only in specialized applications. Modes 3 and 4 may
be reduced or eliminated with circuit modifications.

APPENDIX

Another scenario for mode 2 turn-on has been postulated but not
observed. Figure 25 shows a simplified boost converter where the
MOSFET is represented by a perfect switch in parallel with the
intrinsic BIT. When the switch is opened, some of the inductor
current (Iy,) will flow into Cyy,. If Iy is large enough, it is conceiv-
able that the BJT could be turned on. The effect on the turn-off
waveform would be similar to storage time in a BJT, i.e. extended
turn-off time.
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Postulated Mode 2 Turn-On Mechanizm
Figure 25

Conceivably, several turn-off pulses could occur as the BJT turns
on stealing base current. Like all mode 2 turn-on, this effect will
only be possible for very rapid transitions.

A mode of anamalous turn-off ringing has been identified by
Giadomenico (6). This ringing could easily be mistaken for the
mode turn-on just discussed or for parasitic oscillation. The ring-
ing occurs when there is excessive unclamped drain inductive and
is described by Giadomenico, et al, as follows:

“When the power MOSFET inverter circuit shown in Figure 26 is
suddenly turned off, the drain voltage rises quickly and then
abruptly drops to the “on-voltage” where it remains for several
microseconds before ringing and settling to the supply voltage (see
Figure 27A). This behavior was initially thought to be due to
dV/dt breakdown and was thought to be related to the “on-state”
oscillations. However, this turn-off behavior is in fact due to the
clamping diode between the drain and source which is intrinsically
incorporated into the vertical MOSFET structure. A typical
display of the drain voltage and current during turn-off is shown
in Figure 27B from which the turn-off phenomenon can be
explained.

Vpp: 25V

N

I

Wirewound [ 7pH L
Resistor |

[7Q RL

+
The Power MOSFET Connected in an Inverting Configuration

Figure 26

When the device is turned off, the magnetic energy stored in the
load inductance is transferred into the output capacitance and
then returned to the inductor with the opposite current polarity.
Neglecting the non-linearity of the output capacitance and the
damping of the output load resistance, the time for the current
reversal is:

t=m+/LC O
After this time, the parasitic diode is forward biased, and the
voltage across the inductor is:

VL= Vpp + Ve - IpRy 2
where VE is the forward diode voltage. If the damping losses are
neglected, then:

Ip~-Vpp/Ry 3
and

VL, =2Vpp + Vg - (4)
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Oscillograph of the Turn-Off Behavior of the Power
MOSFET Inverter. a) Upper Trace: Vp=10V/Div;
Lower Trace: Vgs=5V/Div. b) Upper Trace: Vp=10V/Div;
Lower Trace: 1p=0.2A/Div.

Figure 27

The drain voltage remains near zero during the time the diode is
conducting. The current through the diode is dictated by the L-R
circuit and is:

1= 2vop * Ve (lve-‘m) Voo

RL R, (%)

Neglecting reverse recovery, the time at which the diode current is

zero is:
L 2Vpp +V
ton = (__) m | 20D YE ©
RL Vpp *+ VE

For a reasonably large supply voltage, V44 >>0.7 volts, the above
equation can be expanded in a Taylor series to give:

ton = (L) o In2 0)
Ry 2Vpp

Neglecting the reverse recovery of the diode for the moment, the
drain voltage rises at this time and then rings and settles to the
supply voltage.

A comparison of experimental data with the calculated results of
eq. (7) reveals a large discrepancy in the “on-time.” Further, the
oscillographs of Figure 27 show that the power MOSFET appears
to turn on a third time. These discrepancies are due to the reverse
recovery of the diode (see Figure 27B). Consequently, the total
turn-on time expressed by equation (7) must be modified to
include the reverse recovery time, trr:

v
™ LN In2 + trr ®)
Ry 2Vpp

Since, after the diode’s reverse recovery, the inductor once again
has a downward current direction, the situation is the same as
when the MOSFET first turned off but with a lower initial current
level, and thus the cycle repeats again.”
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