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USE IN LIFE SUPPORT DEVICES OR SYSTEMS MUST BE EXPRESSLY AUTHORIZED

SGS-THOMSON PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF SGS-THOMSON Microelectronics. As
used herein:

1. Life support devices or systems are those which (a) are 2. A critical component is any component of a life support

intended for surgical implant into the body, or (b) support device or system whose failure to perform can reason-
or sustain life, and whose failure to perform, when prop- ably be expected to cause the failure of the life support
erly used in accordance with instructions for use pro- device or system, or to affect its safety or effectiveness.

vided with the product, can be reasonably expected to
result in significant injury to the user.
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INTRODUCTION

This book is intended as an update of the publication "The Power Transistor in its Environ-
ment", written as an introduction to power electronics for students and engineers, and as a
guide for designers.

This new book reflects the changes which have occurred in the semiconductor industry since
that time. Whereas "The Power Transistor in its Environment" covered only Power Bipolar
transistors and diodes, to fully represent SGS-THOMSON'’s power product range, any current
book must also include Power MOSFETs, IGBTs, Smart Power devices, thyristors and
TRIACs. As with all semiconductor technologies, power semiconductors continue to advance,
and new markets and applications develop all the time; examples of market areas which have
appeared or grown drastically in recent years include a large number of automotive applica-
tions, electronic lamp ballasts, and solid-state replacements for relays. Meanwhile older appli-
cations continue to evolve.

SGS-THOMSON maintains its position at the cutting edge of these technologies. We con-
tinue to develop innovative new devices and packages, such as VIPower, our proprietary
smart high-power technology, and the PowerSO series of packages, the world’s first true
power SMD package, leading the trend toward surface mounting of power applications. De-
tails of all aspects of SGS-THOMSON's power products can be found in this book. The first
part covers the basics of power semiconductors, providing an introduction to the charac-
teristics of the various classes. Bipolars, MOSFETs, IGBTs, TRIACs and diodes are dis-
cussed. The second half describes applications of these devices, using circuits developed in
our application laboratories as examples, giving guidelines to help in the design of real-world
systems. Topics include power supplies, motor control, lighting and television deflection.
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APPLICATION NOTE

CHARACTERISTICS OF POWER SEMICONDUCTORS

ABSTRACT

This paper aims to give a brief overview of the
essential characteristics of power semiconductors,
and to provide a guide in their selection for particular
applications.

It considers the characteristics of various power
components when operating like a switch - either
blocking current or voltage, or conducting with a
small voltage drop.

Their behaviour is examined in terms of:

(i) Typical current and voltage ratings (switchable
power) permanent current - short overcurrent;

(i) The switching behaviour: switching speed and
switching losses;

(iii) Drive requirements.

Figure 1. Power Diode: a) Simplified structure

by J. M. Peter
Advantages and disadvantages are summarised,
and the relative cost of each solution indicated.

Currently, the main types of power semiconductors
are the Power Diode, the power Bipolar Junction
Transistor (BJT), the Thyristor (Triacs and SCRs),
the Gate Turn-off Thyristor (GTO), the Power
MOSFET, and the Insulated Gate Bipolar Transistor
(IGBT).

2 THE POWER DIODE see figure 1.
2.1 Current

The physical parameter which limits current is the
maximum junction temperature; the temperature at
which destruction of the device occurs. Hence the
maximum current in a diode depends essentially on
the cooling; in practical terms on the thermal
resistance (for DC operation), and on the thermal

d) Voltage limits

b) Circuit symbol e) Safe Operating Area
c) Current limits
ANODE I Ia
n __]+
p_-
| SLOPE =R,
CATHODE : vV,
V VF!RM
a F
’ Vi 9
A Ve=Vio+Rp. I g
P = Vo + lray) + Ro - Prgus)
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R
C VRHM
b) e)
AN512/0394 114
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impedance (for short duration surge currents).
2.2Voltage

The device is destroyed if the electric field across
the N region of the diode becomes strong enough to
cause breakdown - hence the voltage ratings of the
transistor (forward, V; and reverse, Vpgy) depend
upon the thickness of this region.

2.3 Switching

Power PN diodes have a “memory” effect due to the
storage of minority carriers. If the voltage across a
diode which has been conducting in the forward
direction is suddenly reversed, the p and n regions
of the diode are still full of minority carriers, which
can cause the diode to behave like a short circuit for
a short period of time until the minority carrier density
falls. The reverse current due to this effect can
cause problems: current spikes, noise, overvoltages,
and supplementary switching losses.

Figure 2 shows the turn-off behaviour. The main
parameter is the reverse current, lgy, and in some
case the recovery charge Q,. The reverse current
increases with dlg/dt (slope of decreasing current
before turn-off) and with junction temperature.

A fast PN diode is a diode made with a reduced
minority-carrier lifetime, which leads to a reduction
in the diffusion length (ie the average distance
travelled by a minority carrier before recombination).

Figure 2. Diode turn-off behaviour

If the diffusion length is shorter than the thickness of
the silicon N region, the diode’s on-resistance
increases drastically. However the maximum
voltages that the diode can withstand depend upon
the thickness of this region. The design of a fast
diode is therefore the result of a trade-off between
maximum voltage Vpgy, forward voltage drop Ve and
speed (t,) - see figure 3.

Figure 4 shows losses introduced by a frewheel
diode. Using a faster diode reduces these losses,
but it is not always possible to have an ultra fast
diode with a high voltage rating. Instead it could be
possible to use several low voltage ultra-fast diodes
in series - see reference [3].

When the diode switches off in series with an
inductance L, a supplementary energy L.1%g, is
dissipated in the circuit. For this reason the choice
of circuit configuration is very important (figure 5).

2.4 Schottky Power Diodes

Schottky power diodes, which use only majority
carriers, have a different behaviour; they have a
smaller voltage drop and no recovery charge, and
are many times faster than PN diodes. However,
they have the disadvantages of a limited voltage
range (60 to 100V) and a very high internal
capacitance. The leakage current is also large, and
becomes larger at high temperatures.

Ir
Recovery time t «
i >|
lRm Recovery charge Qr
2/14 - Vi
ST
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Figure 3. Speed versus V.,
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Figure 4. Freewheel diode losses
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Figure 5. Effect of circuit topology on diode behaviour
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3 THE BIPOLAR TRANSISTOR see figure 6.
3.1 Current
The current capability is defined by:

Vegeay < 1.5V @

IC = IC(sal)

|B= 'E(sal)

If Ic < lgsa» the voltage drop Vi is proportional to it,
and can be very small.

If 1o > losay Voe remains relatively constant with
changing I, and so the transistor can be considered
as a current source.

The bipolar transistor has no overcurrent capability
(Ic cannot exceed lgmay), @nd this maximum operating
current is defined by the gain, not by thermal
considerations.

Figure 6. The Bipolar Transistor: a) Simplified structure
b) Circuit symbol
c) Gain characteristics

3.2Voltage

Two parameters define bipolar transistor voltage
capability:

- Veeys the maximum voltage with the base emitter
junction blocked (Vcey = Vego, the maximum collector-
base voltage).

- Veeo, the maximum voltage with base open.

For switching applications, voltage limits are defined
by the Safe Operating Area (SOA). (Vcew, the working
voltage at high current, is often equal to Vo).

Maximum capabilities for the early 1990s

VCEO VCEV lc(saq
Fasttransistors 800V 1300V 60A
Slow transistors 1000V 1400V 400A

d) Output characteristics
e) Forward breakdown characteristics
f)Forward-bias safe operating area

(FBSOA)
c C
nt— .
= B
n—»y
P o
nt IIE B E
a) b) c)
I Ic
"""" r i Vee
loan VC'E(SAT) Vee Vee
d) e) f)

4/14
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APPLICATION NOTE

Voltage drop: If I¢ < lgeay the voltage drop (with
optimised drive) is very low.

VCE =

e
IC(sal) . VCE(sat)
3.3 Driverequirements

See figure 7.

The BJT is a current-driven device: during the
conducting phase its necessary to deliver a base
current

3 =gain

|B1= _Jc_
B

At nominal current the gain specified for low voltage
transistors (Veeo < 250V) is around 10, and for high
voltage transistors is around 5, near lg. as defined

Figure 7. Driving a bipolar transistor: a) Driving circuit

in the data sheets.

The following empirical relation can be used to
estimate gain at other current levels.

B@ |c = [B @ [C(sa()] .

o
C(sat)

3.4 Switching times

The total turn-off time toff is the sum of two
components (see figure 8):

- The storage time . This is a “memory” effect, due
to the storage of minority carriers in the base. (1s for
Veeo = 100V, 3s for Vgo = 400V).

- The fall time t. The majority of switching losses are
due to the fall time (but modern transistors using
cellular technology have very small fall times).

b) Choosing the base drive current

TURN ON
—>

Ig
—(O))o .
TURN OFF ﬁ
T

a)

GAIN

C(sat)

IB(san

I le
C(sat)

b)

Figure 8. Bipolar transistor switching times

To ensure fast turn-off, it is necessary to force a
negative current I, in the base to increase the rate
of recombination of minority carriers.

3.5 The Darlington

This is a structure which behaves like two bipolar
transistors connected, as shown in figure 9: the first
acting as a driver, and the second as a power stage.

The Darlington offers higher gain than a conventional
BJT, and the ability to operate at higher current
density (because the gain of the power stage can be
very high), but these advantages are offset by a

Aﬁ SGS-THONMSON 514
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APPLICATION NOTE

Figure 9. Darlington Transistor characteristics
a) Equivalent structure
b) Output characteristics
c) Gain characteristics

v Standard
CE BJT  Darlington
2.5V / J
lc
a) Icsan
b)
Gain
lc
c)
higher voltage drop:

Ve Darlington = 0.8V + Vg oy BJT

and also the increased turn-off time - the power
stage transistor can only begin to turn off after the
driver has turned off.

4. THE THYRISTOR

“Thyristor” is a generic term for a semiconductor
device having four or more layers. The two main
members of the family are the Silicon Controlled
Rectifier, or SCR (often simply called a thyristor)
and the TRIAC (derived from TRlode for Alternating
Current). Both share similar current and voltage
characteristics. The structure and characteristics of
the SCR are shown in figure 10.

The thyristor operates using positive feedback -
once the device is turned on or “fired” by applying
the current pulse to the gate, it continues to conduct
until the current through it falls below a certain small
fixed value, known as the holding current. This effect
occurs because, as shown in figure 10b, the SCR

6/14 &77 SGS-THONISON

behaves like two bipolar transistors connected back
to back, which once fired effectively provide their
own base drive current.

4.1 Current

The maximum operating current is defined, like the
power diode, by the rate at which the device is
cooled. The thyristor can withstand very high surge
currents (within the capabilities of the cooling
arrangements).

4.2 Voltage

The blocking voltage can be very high - up to 5kV.
Its voltage drop is around 0.8V at low current, rising
to 1.2V at nominal current.

4.3 Drive requirements - see figure 11.

Because of the positive feedback, the thyristor needs
only a very low current for a short time at turn-on
(firing). In practice a small “holding current”is required
to maintain the device in conduction. However it has
the disadvantage that the device cannot be turned
off by controlling the gate current - instead the anode
current must be forced to zero, by forcing the anode-
cathode voltage to zero. In switching or AC circuits
this can be achieved using a resonant LC circuit
connected in series or parallel.

4.4 Switching times

When the anode current is forced to zero, the thyristor
turns off. However, it is necessary to wait for a time
tq (the turn-off time, like the fall time of a bipolar
device) before the anode voltage is reapplied -
otherwise the device will continue to conduct.

4.5The TRIAC

The TRIAC is effectively two SCRs connected in
anti-parallel, with a single gate - see figure 12. This
device can conduct current in both directions (ie
from A1 to A2 and from A2 to A1) and so can be
used to control the flow of AC currents - the current
through the device will fall below the holding current
every half cycle, and at this point the device will turn
off automatically unless it is refired. Hence for
continuous conduction the device must be refired at
twice the frequency of the current it is conducting.

As shown infigure 13, the TRIAC can operate in one
of two ways:

a) The device is fired on only for a certain proportion
of AC half waves, or

b) The firing of the device can be delayed such that

MICROELECTRONICS
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Figure 10. The SCR:
b) Equivalent circuit
c) Circuit symbol

a) Simplified structure

d) Current limits
e) Voltage limits
f) Switching Safe Operating Area

ST
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. Figure 11. Thyristor drive requirements
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Figure 12. The TRIAC a) Simplified structure  b) Circuit symbol

c) Equivalent circuit

Gate =

Gate

Gate

Gate

Figure 13. Driving a TRIAC:
b) Phase control

a) Using as an on-off

switch

grigg}alAC \i s/\E E E é/\i i/\‘
mvoone LAAAE L]
Re‘tsultting \E E E : f ; E ?/\‘
TIMM

only a portion of each half wave is allowed through.
This is known as phase control.

Operating in the first way, the device can be used
as a simple on-off AC switch, while used in the
second way, the device can be used to control AC
power - for example as a speed control for an AC
motor.

5 THE GTO see figure14.

The GTO is another “positive feedback” component
and is similar to the thyristor, but it has an

8/14
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interdigitated structure, as shown in figure 14.
Consequently it has similar characteristics to the
thyristor, but it can be blocked like a transistor.

5.1Voltage

GTOs can support up to around 4kV with a maximum
rated current of 1kA. During turn-off the maximum
voltage is defined by the SOA. The GTO has a poor
S.0.A. when operating at high currents. Its voltage
drop is marginally higher than that of the thyristor.

5.2 Drive requirements see figure 15.
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Figure 14. The Gate Turn-Off Thyristor:

a) Simplified structure
b) Equivalent circuit
c) Circuit symbol

d) Current limits
e) Voltage limits

A A
|
TP
—n
] LV 1 | TP G
| . 1
n+ c G
C
a) b) c)
VT A
e, %
V AWM
| ; +
A
r l v DWM
d) e)
Figure 15. Drivinga GTO
Figure 16. GTO switching times
A
N
" G e
6V o VRS
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The GTO requires a very high negative gate current
to turn-off quickly; its has a gain of only 3 which
means it requires a sophisticated and expensive
gate drive if it is to be run at any speed. This means
that it is often impractical to use a charge extracting
drive circuit, and so the device has a ‘“tail effect”
whereby the device still conducts while the minority
carriers combine naturally.

5.3 Switching times see figure 16
Like the bipolar transistor the GTO has a storage

time, and during the fall time its tail effect considerably
increases the turn-off losses.

6 THE POWER MOSFET see figure 17.

This component uses only majority carriers in
conduction, which accounts for its specific behaviour.

The majority carriers flow into the component due to
the influence of gate voltage; the current cannot be
limited by a “gain phenomenon”. Hence the voltage
drop depends only on the resistance of the silicon
path between the drain and source, Rpgon-

6.1 Current

The maximum operating current is defined, as for a
diode, by the rate at which it is cooled. Its surge
current capabilities are defined by the thermal time

Figure 17. The Power MOSFET:

a) Simplified structure
b) Circuit symbol
c) Equivalent circuit

constant of cooling arrangements (figure 18).
6.2 Voltage

Because the area of silicon used and hence Rpgon,
increase considerably with the maximum rated
voltage, this voltage is currently limited to around
1000V.

The MOSFET has a large S.0.A, as it is able to
sustain its maximum rated voltage during turn-off.

Present technology current ratings are governed by
the following Rpgony (25°C) values for the relevant
voltage ranges.

Rosion @ 25°C Max. rated voltage
(mW) (V)
77 100
850 500
3500 1000

d) Output characteristics
e) Forward breakdown characteristics
f) Switching Safe Operating Area

D
- D
d-n+ |—]
o G ~
i B e B :ﬁ—m ‘{tl ‘I
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Figure 18.Turnoff with high current

Ipg10A/DiV

Vps. 200V/Div |

50ns/Div

It is frequently said that the MOSFET has a very
high voltage drop, but this is not correct. The
MOSFET voltage drop, Rpsion)-l, can be very low at
a low current density, though that would be
compensated by the need for a large silicon surface
area.

The Rpson IS (unfortunately) specified in
manufacturers datasheets at 25°C. At a more realistic
operating temperature:

Rpsion) @ 100°C = 1.7 X Rpg(ony @ 25°C

Figure 19: a) Driving a Power MOSFET

6.3 Drive requirements

During conduction the gate requires only a voltage
(approximately 15V) without any significant
energy consumption - see figure 19.

MOSFETS turn off very quickly when the gate-source
voltage falls to zero. However, the prescence of a
capacitance between the gate and source means
that to switch the device, charge must be supplied or
removed to make the gate voltage rise or fall.

The designer must consider losses due to the charge/
discharge of this capacitance at each turn-on/off.

6.4 Switching times

The MOSFET, a majority carrier device, has no
storage time. This is very important for many
applications. Fall time (depending on drive) can be
very small, but for a rated voltage higher than 300V,
it is approximately the same for both fast bipolar and
MOSFET devices.

7 THE IGBT see figure 20.

The IGBT can be considered as a pseudo-Darlington
with a MOSFET as driver and a bipolar transistor as
the power stage.

7.1 Current

The maximum current is generally limited by cooling.
It has over-current capability.

b) MOSFET switching waveforms

Gate voltage +15V
(Logic level MOSFET +5V)

ls l\ _ Effect of gate-source capacitance

o _[ K \_
No storage time

+; . VGSJ
L ke

L

b)
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Figure 20. The IGBT: a) Simplified structure
b) Circuit symbol
c) Equivalent circuit

d) Output characteristics
e) Forward breakdown characteristics
f) Switching Safe Operating Area

d)

D
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a) b) c)
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3hp
- b
Ip : Vpss Vbs

Vpss Vv

7.2Voltage

At present, the maximum rated voltage is 1.2kV.
This limit is rapidly increasing towards 1800V and a
maximum rated current of 500A. The SOA is
approximately rectangular.

The voltage drop across the IGBT is relatively
constant with respect to the current. This means
that at high current levels, conduction losses are
lower than those of a MOSFET, but at low current
levels they are considerably higher. This causes a
limit to the efficiency of IGBT circuits.

7.3 Driverequirements
Similar to the MOSFET drive (figure 21).
7.4 Switching times

The MOSFET stage has practically no storage time,
but the bipolar section causes a tail current like that
in the GTO, where the device continues to conduct
due to the prescence of residual minority carriers in
the base. As the base section of the device cannot

12/14

Figure 21. Driving an IGBT.
a) Driving circuit
b) Switching waveforms
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be accessed externally to remove these charges,
this tail current persists until the carriers recombine
naturally. This current causes switching losses,
which increase with operating frequency.
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Figure 22. IGBT Switch-off behaviour:

a) Normal current

b) Very high surge current
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8. LIMITS AND MAXIMUM RATINGS

The absolute maximum ratings are defined by the
semi conductor manufacturer. These ratings must
not be exceeded under any circumstances - to do so
risks destroying the component. Examples of
maximum ratings are the maximum junction
temperature T, the maximum current and the
maximum blocking voltage.

It should be noted that the user cannot measure
these parameters, as the device will probably be
destroyed in the attempt. Characteristics which may
be measured are for example the collector-emitter
saturation voltage Ve, and the switching times.

The manufacturer specifies a maximum and/or
minimum value, depending on the parameter. In the
design of circuits it is important to take into account
the “worst case” value of the component, and to
verify that the circuit operates correctly with the
spread of all parameters.

9. CHOOSING THE RIGHT SEMICONDUCTOR

When selecting the type of semiconductor device to
use in a particular application, the designer must

L7 SGS-THONISORN
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take into account a number of factors, such as:

i) The cost of the device, and the cost constraints on
the application.

ii) The magnitude of voltages and currents
encountered.

ii) The drive requirements of the device - the need
for a2 complex drive circuit can increase design time
and the cost of the circuit.

iv) The frequency at which the device will switch.
9.1 Typical applications of each type
9.1.1 Bipolar transistors

In general terms bipolar transistors compete with
Power MOSFETSs and IGBTs. Their main advantage
over these types is the lower cost, particularly for
high voltage devices, while their main disadvantages
are the cost of the drive circuit and the limit on their
switching speed imposed by the storage and fall
times. The applications in which they are used are
typically characterised by low to medium operating
frequency and high voltage, where they result in a
cheaper solution than the equivalent MOSFET or

13/14
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IGBT. Examples are in electronic lamp ballasts,
automotive ignition switches, and horizontal
deflection circuits in TVs and monitors.

9.1.2 Power MOSFETs

The main advantages of Power MOSFETSs are their
minimal drive requirements and ability to operate at
high frequencies. In power supplies, operation at
high frequencies allows the size of circuit magnetics
to be reduced, decreasing the circuit cost. In compact
fluorescent lamp ballasts (such as those used in
domestic environments) operating at high
frequencies leads to smaller overall dimensions.
The low currents and relatively low voltages in this
application means that in this case the Power
MOSFET leads to a cheaper solution than the power
bipolar.

Power MOSFETSs are also frequently used as power
actuators (solid-state relays) in automotive circuits,
because of the low voltages involved means that
they are inexpensive, and types are available which
can be driven directly from a microprocessor, which
are increasingly being used to control automotive
systems.

9.1.31GBTs

The main applications of IGBTs are in motor control
and automotive ignition - again these are
characterised by high voltages and relatively low
operating frequencies. In these applications they
compete with bipolars. Although the basic device is
more expensive than a bipolar transistor, the minimal
drive requirements can lead to a cheaper overall
solution, particularly where there is a need to interface
with a microprocessor. Its main disadvantage is the
unavoidable losses caused by the tail current (which
become more significant at high frequencies),

9.1.4GTOs

GTOs are used in conditions of very high voltage
and very high current, and low switching frequencies.
An example of their use is in electric trains.

9.1.5 Thyristors

This component is very cheap, but its use is limited
by the difficulty of turning it off. It can be used to
control ‘devices which can be fed with half-wave
rectified AC current, for example DC motors (when it
will turn off automatically every half cycle, like the
TRIAC), and also to protect other devices, for
example in power supplies.

14/14
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9.1.6 TRIACs

TRIACs are unique in their ability to conduct and
control current in both directions. They are the
cheapest way of controlling AC currents, for example
in AC motor speed controls or lamp dimmers.

11. CONCLUSION

“Power MOSFET has very high voltage drop”
“Bipolar ... an old technology”

“Epitaxial is better...”

This type of commercial jargon does not help the
designer to produce optimal circuits. At the present
time the designer has a choice between a lot of
components. Which is the best solution? The answer
is, there is no best solution - this is the field of
technical design, not scientific research.

For some applications, for example 1MHz Switch
Mode Power Supplies, only one solution (MOSFET)
is possible. For most applications, there are always
several solutions. The designer’s job is to optimize
the “switching function”after thorough analysis.
Experience shows that the quality of this analysis,
and the work done by the designer (drive, protection,
etc.) play a bigger role in the total cost than the
actual price of the component.
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POWER TRANSISTORS -‘DEVICES AND DATASHEETS

ABSTRACT

The purpose of this paper is to give a general
overview of how to read a transistor specification.
We will discuss bipolar transistors, power MOSFETs
and IGBTSs, and introduce some intelligent power
circuits that resemble discrete transistors. The
emphasis is on switching transistors. Rules of thumb
often followed in the selection of the right transistor
are discussed. Some common pitfalls are mentioned
and the reader is advised as to which parameters
are more important. :

1.INTRODUCTION
1.1 Using the specifications with care

The specifications for each power switching transistor
today cover between three and ten pages. Some of
these specifications are more important than others.
In fact, from a user's point of view, there is a real
danger in over-specifying a transistor. Broadly
speaking a general power transistor specification
gives information that will enable the user to use the
component in a variety of applications. Parameters
that are not critical in the particular circuit designed
should not be specified; this will result in eliminating
potentially usable and more economical components
which will function perfectly well. A good
understanding of the operation and the construction
of transistors will teach the user which parameters
are important.

This paper will concentrate only on commercial
switching transistors used in the common emitter
configuration. Transistors designed for military
operations are typically specified and tested much
more rigorously than their commercial equivalents.

1.2 Derating

In general, itis a good idea to derate some important
parameters (i.e. allow an additional safety margin) in
power switching transistors. The most important
parameters to derate are the maximum voltage
applied in the off-state, and the power dissipated. In
general, heat is the most important reason for
degradation of power semiconductors. Studies have
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shown that even a 7°-10°C increase in junction
temperature can result in halving the Mean-Time-
Between-Failures (MTBF) of the device. Therefore
in many applications, the switch is chosen such that
under the worst case, steady-state operating
conditions, the transistor junction temperature does
not exceed about 125°C.

1.3 Testing

In general, most commercial transistors are only
100% tested in production at 25°C, and also only
static characteristics of the devices are tested. The
dynamic performance and certain other
characteristics of the device at other temperatures
are guaranteed by design. Unless otherwise
specified, all graphs show only the typical
characteristics of a typical sample of the device.
The trends, not individual limits, of a particular sample
are shown by these graphs.

1.4 Standardisation of information

For over twenty years, power semiconductor
manufacturers have tried to tackle the tricky problems
related to standardisation of specifications between
one manufacturer and another. However, most power
switching transistor datasheets have a first page
discussing absolute maximum characteristics that
should never be exceeded. The Absolute Maximum
system currently in use was defined by the American
organisation JEDEC and accepted by various
organisations such as EIA and NEMA. Similar
organisations in Europe and Japan also help in similar
efforts at standardisation. However, it is unrealistic
to expect complete standardisation. The user has
come to expect that no two manufacturers’
specifications are exactly alike. Some specifications
that one manufacturer may choose to emphasise
find only a passing mention in another transistor
datasheet.

2. POWER TRANSISTOR PACKAGES

The package style and size often important in the
circuit performance of the power transistor. The
thermal performance of the transistor depends on

1/8
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the package chosen. High temperature performance
of different types of transistors - MOSFETSs, IGBTs
or bipolar transistors - are quite different. Generally
speaking, choose a transistor whose die size is
between 40-100% of the maximum die size that can
be accommodated in the package with good
reliability. Too small a die size for a given package
will lead to an unnecessarily large circuit board and
circuit parasitics. A smaller package may also have
a lower cost.

Certain power transistor module packages - for
example the TO-240 - result in high parasitic
inductances and capacitances which affect the
device performance. A cross-section of the TO-240
package reveals that about 60% of the package
consists of air, and the needless increase in height
can result in unacceptable levels of circuit parasitics
in high frequency applications. Other packages, such
as the ISOWATT series of isolated packages, are to
be used only if the application demands electrical
isolation of the device from heatsinks. Otherwise we
run the risk of unnecessarily increasing the junction
temperature and needlessly compromising device
reliability. The mounting methods of power
transistors, including the maximum values of
mechanical parameters such as screw torque or
pressure exerted by mounting clip, need careful
attention to avoid damage to the device.

In certain applications, the transient thermal
impedance (that is the ability of the device to absorb
short pulses of energy) is also important. This
characteristic is dependent on the package and the
die size. It is explained in detail in reference [5].

3. POWER BIPOLAR TRANSISTORS

Power bipolar transistors represent the most mature
of the three kinds of discrete transistors discussed
here. They have been in common use for over thirty
years, but these devices and their manufacturing
technologies are still evolving. There are a number
of different technologies used in the manufacture of
power bipolar transistors. Each technology has its
own advantages and disadvantages, and has found
its niches in certain applications.

3.1 General Characteristics

It should be remembered that power bipolar
transistors resemble rectifier diodes in their on state.
Their on-state voltage does not increase as
significantly as unipolar devices when the current
carried by them is doubled. They switch on and off
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much slower than similar MOSFETSs, and the drive
currents necessary to keep the device in the on
state and to switch the device off are quite significant.
Most Darlington transistors are too slow and have
too high an on-state voltage to be considered for
most switching transistor applications. However,
today it is possible to use fast Darlingtons for
switching applications in the tens of kilohertz in colour
television horizontal deflection.

3.2 Bipolar Transistor types
3.2.1 General Purpose Transistors

Epitaxial base transistors are some of the most
common general purpose transistors in use today.
They are used mainly in low voltage applications
(below say 100 to 200V) where low cost is most
important. The popular “TIP” series of power
transistors are manufactured using this technology.
Single epitaxial layer planar transistors are general
purpose devices used in low voltage applications
(up to 100 to 200 V). These transistors however are
very fast compared to epitaxial base transistors with
“ft” values of around 40Mhz, against about 1MHz for
epi-base devices. Their on-state voltage is usually
lower than equivalent epitaxial base transistors.
Examples of these transistors are the well-known
“D44" and “D45" series of transistor.

3.2.2 Switching transistors

The above two technologies are known as general
purpose transistors rather than switching transistors.
Higher voltage transistors, which have V¢go values
up to say 1000V use multiple epitaxial planar or
mesa technologies. Examples of multi-epitaxial mesa
transistor the BUV48, BUV98 etc.

In the early 1980s, multi-epitaxial mesa transistors
with “hollow” emitters became popular. These
devices, with part numbers such as the SGSF or
MJH16 series are significantly faster than their non-
“Hollow Emitter” counterparts since their hollow
emitter designs decreased current crowding and
this resulted in faster switching. One small
disadvantage of these faster transistors was that
they were less rugged during the turn off time.

3.3Important Parameters
3.3.1 Breakdown voltages: V, Y

(BR)CEO’ " (BR)CES®

These values represent the maximum voltage which
the device can withstand across its collector and
emitter terminals when turned off, specified with the

base terminal open, and shorted to the emitter
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respectively. If this value is exceeded, the transistor
will go into breakdown and will be destroyed.

These breakdown voltages of course do not relate
very well to the voltages actually experienced during
normal switching. If the voltage at turn-off plus the
safety margin exceeds the Vggces of the device,
then the device must simply not be used for the
application.

In most applications the power transistor is never
used with its base terminal opened, hence the
V(srjces is the value used to choose the transistor.
The V(gr)ceo. generally around 60% of the V gg)ces,
becomes important when the both currents and
voltages are present in the device simultaneously,
for example when switching an inductive load. This
topic is discussed in more depth in the later section
on RBSOA.

3.3.2 gy

This specifies the maximum current that should be
allowed into the collector terminal. However, as a
general rule the maximum current that the device
experiences in normal operation should depend not
only on the maximum current but also the current at
turn off. Most switching transistors are used with
inductive or resistive loads where the current at turn
off is the maximum current through the transistor.
The current at turn off should be close to the level
used by the manufacturer to test the switching times
of the transistor, as shown in the “Conditions” column
of the specifications of the switching times of the
device. This allows the dynamic performance of the
device to be predicted with some confidence.

Maximum Collector Current .

3.3.3 Reverse Bias Safe Operating Area.

During inductive switching, it is possible that collector
current and collector-emitter voltage can exist at the
same time as the transistor turns off. The
simultaneous high values of current and voltage is
stressful to the transistor and can often result in
device destruction. The transistor manufacturer often
provides a diagram of the V¢e-Ig locus below which
the transistor operation is guaranteed to be non-
destructive - an example is shown in figure 1. This
curve is called the RBSOA. Values of the Ic-Vce
locus straying outside the specified RBSOA curve
may lead to the transistor reverse bias second
breakdown, a destructive phenomenon. The
mechanisms of reverse bias second breakdown
phenomenon of the bipolar transistor is very complex.
However, it simply must be remembered that

excessive turn-off base drive current extraction could
lead to failures that are difficult to explain.

Where possible, the application circuit should switch
the transistor on and off with base drive values
similar to those mentioned during the switching times
in the electrical characteristics section of the
datasheet. Turn-off snubber circuits delay the rise of
voltage across the transistor and can help ensure
that the RBSOA of the transistor is not exceeded.

Usually, switching transistors can be turned with the
maximum possible extraction base currents between
Vigriceo and lgmay- For applications such as
switching power supplies or halogen lamp ballasts,
how high the current switched between the Vigg)ceo
and V(ggyces Of the transistor is of primary importance.

The silicon die design of the modern high voltage
switching transistor involves a certain compromise
between the switching speed and the dc transistor
gain. High frequency transistors often have a
minimum dc gain (hFE) of only between 4 and 8
over the operating temperature range. In these cases,
we have to pay special attention to the on-state and
turn off base currents. Too low a base current or too
slow a turn off base drive will increase the losses of
the transistor significantly. Too large an on-state
base current can result in driving the transistor into
hard saturation which will then require high turn off

Figure1. The RBSOA of a typical bipolar
transistor
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base currents. Excessive turn off base drive can
result in exceeding RBSOA of the transistor and
could cause destruction.

Base drive currents - On-state Current l,; and
Extraction Base Current lpo

Poor base drive design is responsible more than
any other single factor for destruction of power bipolar
transistors. Not only should the maximum values of
base drives in the forward (into the base of the
transistor) and reverse (out of the base of the
transistor) be optimised, but also, as far as possible
the oversaturation of the transistor during the on
time and driving the transistor too fast during turn off
of the transistor should be avoided.

The on-state base current I, should ideally resemble
the collector current waveform. In many inductive
switching applications, the base current waveforms
are roughly rectangular whereas the collector current
is roughly triangular. The transistor is usually forced
into hard saturation in the beginning of the drive
waveform. Proportional base drive circuits and Baker
clamps may be used to prevent the excess base
current from sending the transistor into hard
saturation.

The turn off base current, I, should be high enough
to prevent excessive turn off times and power losses.
It should be low enough to keep the locus of the
switching collector current and Vg within the RBSOA
specified in the datasheet. The values of the base
currents mentioned in the “switching times” section
of the datasheet serve as a rough guide in choosing
the values of l; and ly,.

3.3.4 Switching times

The switching times of a bipolar transistor consist of
the delay time and rise time at turn-on, and the
storage time and fall time at turn-off; see figure 2.

In general, the losses due to switching times are
most significant at turn-off. The storage time is
generally longer than the fall time, but the voltage
across the device is smaller and so losses in both
phases are of the same order.

An optimised base drive will reduce the storage and
fall times, and hence reduce losses.

3.3.5 High Temperature Performance and thermal
runaway.

BJT turn-off times and hgg increase with temperature.
This means that as temperatures increase, the

48 @ SGS-THONISON

switching losses also increase, which will in turn
increase the junction temperature of the device (if
the heatsinks etc. are insufficient). This positive
feedback effect is called thermal runaway, and can
easily lead to the destruction of the device if care is
not taken with thermal management.

This effect also makes BJT devices difficult to
parallel, as the device with the largest losses will
tend to heat up more, causing it to “hog” the current
(i.e. conduct a disproportionately large amount) and
go into thermal runaway.

3.3.6 Polarity - NPN or PNP.

Most applications which use switching transistors -
power supplies, lamp ballasts, horizontal deflection
and some motor drives - use faster switching NPN
bipolar transistors or N-channel MOSFETs. PNP
transistors (and in the case of power MOSFETS, p-
channel devices), are used in applications such as
low voltage motor drives only when their simplified
drive design is preferred to device performance and
reduced power losses.

Figure 2. Bipolar Transistor switching times
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3.3.7 Second Breakdown Current with base forward
biased, Is/b and Forward Biased Safe Operating
Area FBSOA

These parameters are often used in linear power
supplies where external transistors especially PNP
transistors are used to increase the power output of
the linear series regulator.

3.4 Somerarely specified parameters

Certain parameters which are not often specified
could be very useful in certain types of applications
or designs but are not needed in others. The
challenge of the transistor manufacturer is to
condense as much information as relevant in a wide
variety of applications all within a few pages.
Invariably some items that could be useful in some
applications do get left out. Two examples of
parameters are:

3.4.1 Dynamic Saturation.

In very fast switching applications or applications
with short on times, the on voltage of the transistor
may not reach the steady-state Veggay value. For
these applications, a dynamic saturation voltage
better reflects the real application conditions and
allows a more accurate calculation of the power
losses.

3.4.2 Very low current transistor gain - especially at
low temperatures

Some applications such as lamp ballasts and self-
oscillating power supplies depend on the gain of the
transistor at very low current levels for circuit start
up. Here, the gain specified at low current levels
such as around 10mA or even less , is very important.
As this is temperature dependent, the worst case
condition is start up at the minimum ambient
temperature.

4. POWER MOSFETS

Generally speaking, power MOSFETs are more
similar from one manufacturer to another than power
bipolar transistors. However it is increasingly seen
that in high frequency applications, the performances
can vary quite significantly even thought the
datasheet values are quite similar.

4.1 Important Parameters
411V gonse

This value indicates the maximum voltage which
can be withstood by the drain and source terminals

Drain-Source Breakdown Voltage

of the MOSFET. If this value is exceeded, the device
will break down and begin to conduct. The effect can
be thought of as similar to the reverse breakdown of
the intrinsic anti-parallel diode. It is specified with the
gate and source terminals shorted together.

This parameter represents the worst case sustained
voltage that the MOSFET should experience in
normal operation. However, exceeding this value is
not instantly destructive. It is possible that the power
MOSFET can withstand pulses of low energy at
voltages above this published breakdown level. This
phenomenon is called Avalanche breakdown. During
this time, the voltage across the drain-source
terminals of the MOSFET is clamped (in a similar
way to the clamping of a Zener diode), but the
current through the device and hence also its power
dissipation start to increase. For this reason the
power MOSFET is often shown schematically as
having an anti-parallel diode, even thoughiitis not a
true Zener.

Having said this however, it is always best to treat
the avalanche energy breakdown withstand capability
of the MOSFET as an extra level of safety margin
that we give to the design. During normal operation,
the breakdown voltage of the MOSFET is not to be
exceeded.

However too high a safety margin in V(gg)pss leads
to other problems. The on resistance of MOSFETs
rise steeply as the breakdown voltage increases.
For the same die size, doubling the breakdown
voltage results in a five fold increase in on-resistance.
The challenge of the circuit designer is choosing the
MOSFET with the optimum safety margin. V(gg)pss
is essentially independent of temperature though
the worst case (minimum) for the circuit designer is
at the lowest operating temperature.

4.1.2Rygny

The on-resistance, and not the current carrying
capacity, is the fundamental factor in the design and
specification of power MOSFETs. In fact, the
continuous current rating Ip is normally a derived
value that supposes ideal conditions such as infinite
heatsinks.

Static Drain-Source On-Resistance

The on-resistance is highly temperature dependent.
Between room temperature (25°C) and the maximum
operating temperatures (150 or 175°C), the on-
resistance often more than doubles. The variation in
on-resistance at elevated temperatures is somewhat
higher for higher voltage transistors. The positive
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temperature coefficient of resistance makes the
MOSFET an easier device to parallel than a bipolar
transistor.

4.1.2 VGS(th) and VGS(OH)

Vas(n) is the value of the gate-source voltage required
to make the device start to conduct. The drain current
at which this parameter is measured is usually small
- for example 1mA .

The value of the gate voltage which shouild be used
to drive the device in normal operation, Vgs(on), iS
not specified explicitly in the datasheet. A value
should be chosen which is around that given in the
“CONDITIONS" column of the Rpgjon) specification.

In terms of Vgg(on) requirements, power MOSFETSs
fall into two basic categories: standard and logic-
level. Standard power MOSFETs are meant to be
driven on with a positive voltage of +10V. Logic-
level devices can be driven with a voltage of +5V,
compatible with the TTL logic level voltage. Thanks
to a need for automotive and digitally driven
applications, these power MOSFETSs are becoming
increasingly popular, especially at lower voltages
(below about 100V V(ggypss)- These lower voltage
components have a thinner gate oxide than the
normal threshold equivalents.

4.1.3 Visumx

Exceeding this value when driving the device can
lead to punch-through of the gate oxide, and
destruction of the device.

Currently, the specified maximum values of gate-
source voltages are generally around +/-20V for
normal (10V) MOSFETs and +/-15V for logic level
(5V) MOSFETSs. In reality modern MOSFETSs have
a considerably higher Vggg max. than that stated on
datasheets, and as control of the thickness and
integrity of the gate oxide in the manufacturing
process improves, this is increasing. For high voltage
MOSFETs (400V-1000V) a value of +/-30V is
guaranteed when state-of-the art manufacturing
processes are used. However, it is best to treat this
as additional insurance against spikes in the drive
circuit and not drive the MOSFET on at voltages far
higher than the 10V suggested in the datasheet.

Negative voltages are sometimes used to ensure
that MOSFETSs do not accidentally turn on in noisy
environments.

4.2 Other parameters
The next few characteristics of mosfets are less

68 £, S&S:Hamson

important in most applications than the first three
mentioned above.

4.2.1 Switching Times [ 1, ¢, t tyony 1]

The turn on delay , rise time, turn-off delay and the
fall time of the MOSFET comprise the switching
times of the MOSFET - see figure 3. In general,
MOSFET switching times do not mean much to the
user. Careful design may result in a faster switching
MOSFET but, since the switching times are in the
order of tens of nanoseconds, the differences are
small. Furthermore, faster switching mosfets may
result in other system problems such as noise and
EMI.

4.2.2 Total Gate Charge, Q_and Input Capacitance,
C

1SS
Qg represents the amount of charge required to turn
the device fully on; that is to charge the input
capacitance to Vggon). It allows the currents and
switching times at turn-on and turn-off to be deduced.

The input capacitance of a MOSFET, C is the sum
of two components - Gq4 and Cqy. To a first
approximation, Cgs does not vary whereas Cyq varies
quite significantly with the applied voltage with the
highest value of Cgq (and hence Ci) being at low

Figure 3. Power MOSFET switching times
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impressed gate-source voltage. Because of the
widely varying nature of C,ss and since it is of limited
value to the user, the parameter Qq, introduced
relatively recently, is used to describe the charge
necessary to turn the device on. However C is still
used on datasheets to give a rough estimate of the
peak currents necessary to turn on the device in a
certain time period.

4.2.3 Other Parasitic Capacitances : Output
Capacitance, C,ss and Reverse Capacitance, Cg

The Output capacitance and the reverse or “Miller”
capacitance of the MOSFET are represented by the
symbols “C,s” and “Cys" respectively. These
parameters are not very important in circuit design.
Coss and C,q are functions of die size and to a lesser
extent, breakdown voltage. It is interesting to note
that there is a certain equivalent output capacitance,
Coss, for MOSFETS. This capacitance is charged at
every MOSFET turn off and discharged through the
MOSFET at turn on. This means that in certain high
frequency switching circuits, where frequencies run
into hundreds of kilohertz, a smaller die with lower
total gate charge and lower parasitic capacitances
could result in not only a lower device die size (and
hence cost) but also lower overall losses (since
lower switching losses will be more than adequate
to offset any higher on-state losses).

5.1GBTS

Insulated Gate Bipolar Transistors are relatively new
devices that have the potential to replace bipolar
transistors in many low frequency applications. The
notable improvements in IGBTs have led to their
replacing bipolar Darlington transistors in numerous
medium and high power high voltage applications.

The important advantages of the IGBTs are the
easy of drive thanks to its (MOSFET like) MOS gate
and low on-state drop thanks to bipolar, diode-like
conduction during the on state. The disadvantages
are the relatively slow turn off rate which cannot be
influenced significantly by turn- off circuit design
(because of the MOS gate!) and the possibility under
certain extreme conditions to “latch”. Latching is the
accidental turn on of a suppressed parasitic transistor
which results in a thyristor like condition, loss of gate
control and usually device destruction.

5.1 Important parameters
5.1.1 Breakdown Voltage V
This specification is not to be exceeded under any

(BR)CE

condition. Unlike avalanche rated MOSFETS, we do
not have much to gain and we have much to lose by
choosing an IGBT with a breakdown voltage very
close to the highest impressed instantaneous voltage.
The on state voltage of the IGBT increases when
the breakdown voltage of the IGBT is increased, but
the rate of increase is much less than that of similar
parameters in a power MOSFET.

5.1.2 Switching Times and Switching Losses.

Below about 300 or 400V, the power MOSFET is a
more suitable power device in most applications.
Between 400V and 1200V, the IGBT is more likely
to be used in low frequency applications such as
automotive ignition (about 100Hz) and industrial
motor control (2 to 25kHz). Ultrafast IGBTs which
can switch at 50 or even 100kHz are possible but
currently the economies of scale favour the MOSFET
over the IGBT in most high-frequency applications.
IGBTSs can be used in resonant applications.

A major disadvantage of IGBTSs results from being
unable to extract excess charge from the n- epi and
p region of the IGBT at turn-off. This results in the
turn-off collector current exhibiting a non-linear tail.
In order to compute the turn-off losses, this can
divided into two piece-wise linear regions: t;;, where
the collector current falls from 100% to 20% of its
maximum value; and t;,, where the collector current
falls from 20% to 0%. The second portion of the tail,
tip can be a very dissipative region because of the
high voltage across the part at the same time when
there is current flowing through the device.

The structure of IGBT gives the device manufacturers
the ability to optimize the performance for a given
breakdown voltage and switching frequency, or in
other words, manufacture IGBTSs targeted to a certain
application.

5.1.3 On-State Collector-Emitter Voltage, Vg on)

The voltage drop across the collector-emitter of the
IGBT when it is full on is identified by the symbol
Veeon) - The maximum value for the on-state voltage
is very important for low frequency applications such
as solid state relays and automotive ignition. As
discussed in the above paragraph, very fast IGBTs
can have significantly (three or four times) higher
on-voltage compared to IGBTs optimised for low
frequency operations.

In high voltage applications, above about six hundred
volts, the on-state voltage of the IGBT is very
significantly smaller than that of an equivalent
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MOSFET. The IGBTSs are therefore most popularin
high voltage, relatively low frequency applications.

5.1.4 On-State Gate-Emitter Voltage, Vag(on)

The positive voltage placed on the gate to keep the
IGBT in the on-state is called its on-state
Gate-Emitter Voltage,Vgg(on)- This gate voltage value
specified in IGBT datasheets is usually +15V for
IGBTs (against 10V for MOSFETSs). Here too,
reliability studies have shown that values of the
gate-emitter voltage much higher than necessary
are not recommended. The absolute maximum value
specified for the gate source voltage is usually £20V
or +25V. In the off-state, since many motor drive
IGBTs operate in noisy environments, a negative
voltage is sometimes used. Usually, the expense of
a negative power supply and a more complicated
drive scheme is to be weighed against the possibility
of destruction due to accidental turn on and if
absolutely necessary, negative gate -emitter voltages
are used to keep the device in the off state. In rare
cases the on-state gate voltage of an IGBT drive
circuit is deliberately lowered to increase short circuit
immunity at the expense of on state losses.

5.1.5 Energy Dissipated Per Turn Off Cycle, W_,.

Since the turn off voltage exhibits a tail, this
specification is especially popular for slow, low
Vegsay IGBTs. This measure, multiplied by the
switching frequency forms the bulk of the switching
losses. Usually speaking, the turn on losses of the
IGBT are far less than the turn off losses.

5.1.8 Iy Collector Current at 100°C

This shows the maximum continuous current that
the device must see during normal operation. IGBTs
in general cannot handle “peaky” currents (High
peak, low RMS currents) the way MOSFETSs can
because of this tendency to latch. Therefore it is a
fairly common practice to derate the peak
instantaneous current IGBT to the maximum
specified current level at 100°C.

5.2 Special IGBTs
5.2.1 Logic Level IGBTs

These devices require a drive voltage lower than
standard IGBTs. They are ideal for high voltage
solenoid/plunger applications, automotive ignition
applications where low battery voltage operation
(7V) is possible. The technology used to create logic
level IGBTSs is similar to that of power MOSFETSs.

8/8 L5y, SGS-THomISON

5.2.2 Short Circuit Proof IGBTs

By decreasing the transconductance or ggg of the
IGBT, the device manufacturer can make the device
withstand overload currents until the a short circuit
detect circuit can be triggered. Normally the device
designer attempts to have as high a device
transconductance as possible. In the case of short-
circuit proof IGBTSs, however, the transconductance
is deliberately lowered. This results in a higher on
state voltage but the ability of the MOSFET to
withstand a high short circuit for a few milliseconds
till a short circuit detect and turn-off circuit comes
into operation.

Similarly, as described in section 5.1.5 above, it is
possible to lower the on-state drive voltage to
increase the overload current withstood.

6. “SMART” TRANSISTORS

A new trend in the transistor industry is the recent
appearance of a variety of self protecting, three pin
intelligent power ICs that are pin compatible with
and functionally equivalent to power transistors. The
added advantages of these transistors is the
additional features possible thanks to monolithically
integrating these protection, status and alarm
functions on to the same piece of silicon. These
sophisticated power intelligent circuits all have device
specifications characteristic to the intelligent power
technology used. While some of these transistors
will find use on diverse applications, most of the
smart transistors are designed specifically for one
main application area. A number of three pin intelligent
“transistors” are used today in the automotive
industry.
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APPLICATION NOTE

SERIES CONNECTION OF MOSFET,

BIPOLAR AND IGBT DEVICES

ABSTRACT.

Fast power switches with voltage ratings much
higherthanthose of single fast switching devices
canbe made by connecting Bipolar Transistors,
Power MOSFET and IGBTs in series.
Problems associated with device
characteristics such as balanced switching,
steady state and thermal behaviour must be
carefully considered whendesigning with such
switches.

This note deals with the series connection
behaviour analyzing both static and dynamic
characteristics of the devices.

Two philosopies for driving circuits are

AN480/0492

by R. Letor

described and design criteria are given for
obtaining optimum performance.

1.0 INTRODUCTION.

Advantages of BIPOLAR TRANSISTORS,
Power MOSFETs and IGBTs reside in the
simplicity of the driving circuit and on their high
switching speed. But, applications of these
devices are limited to maximum reverse
voltage, generally up to 1000V - 1500V.
Higher voltage ratings would make these
devices unattractive due to problems related
to their structure.

1/11
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For example, theoretical RDS(On) of a Power
MOSFET increases with the square of the
voltage breakdown (Rpg(on) = 5.93 E-9
(VDSMAX)2-5). Figure 1 showing the real
behaviour of SGS-THOMSON Power
MOSFETs versus breakdown voltage,
demonstrates that the current rating of three
800V Power MOSFETS in series will be higher
than a single 2000V Power MOSFET.
Moreover, the design of IGBTs and BIPOLAR
transistors with higher voltage ratings can be
difficult due to the rise time of the switching
waveform shown in figure 2.

Therefore, in some applications like battery
chargers, inverters for medium voltage lines
such as railway traction using frequencies up
to 20kHz or high resolution TV deflection with
operating frequencies of up to 64kHz, the
series connection of fast switching power
devices can be an interesting solution.
When connecting switching devices in series,
voltage sharing during the off-state, and during
transient must be carefully considered.

In fact the spread of leakage current creates
unequal reverse voltage sharing. Delay
between commutation due to switching time

, RDSon (ohm+*cm2)

e

<

0otk :
E "
i " IDEAL CURVE
1000E-03 L /

differences causes transient overvoltage.

If the parameters are temperature dependent,
junction temperature difference must also be
considered.

2.0 STEADY STATE VOLTAGE SHARING.

2.1 HOW TO BALANCE STEADY STATE
VOLTAGE SHARING.

Figure 4 illustrates how the difference in
blocking voltage characteristics results in
unequal state voltage and how a resistor
connected in parallel to each device (figure
3) equalizes the voltage sharing.

Equations 1 and 2 can be derived from the
graphical information in figure 4 and to
evaluate the value of R that reduces the
difference of blocking voltage to a fixed value
AVg with a fixed Vy,.

AVgyp = Vgy - Vg = Ry * AIRy, (1)
VM=VR1 +VR2+ "'+VRn (2)

Equation (1) assumes that the leakage current
is constant, this approximation is errs on the
side of caution and introduces a safety margin.

s STORAGE TIME (ps)

=

1000E-04 L
10 100 1000

VDSmax (Volt)

Fig. 1. Ideal and real behaviour of Rpg,n vs
breakdown voltage.
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Fig. 2. Storage time behaviour versus rated BV g
for bipolar transistors.
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VM

Rn

Fig. 3. Connection of sharing capacitors.

If we suppose that device 1 has the lower I gy,
VR4 Will be the maximum reverse voltage (Vg4
= Vu) and developing the equation (2):

n
R VRM - AVFHI’] =N* VRM - 22 AVR1H(3)

The worst case condition, when n devices are
connected in series, occurs when (n-1)
devices have maximum leakage current and
one device has the lowest possible leackage
current: AIRy, = AIR ...

In this case, setting Ry = Ry= ... = R, the
solution of the equations 1 and 2 gives:

R = (n M VRRM - VM) / (n'1) * AIRmax' (4)

2.2 EVALUATION OF AIR

max.

AIR o« i the sum of AIRp + ARy, where:

- AIRp is the maximum leakage current
dispersion at a fixed Vg and Tj.

- AlRq is due to the difference between the
junction temperatures of each device (ATj).

For devices today available AIRp = 0.6I1RM
@ Vg = Vggy and Tj = 100°C.

57; SGS-THONMSON

INVERSE CHARACT + R

VieV2+v3

INVERSE

<= CHARACTERISTICS
V1sV2+v3

o vioov2 1 2
Thousands V VM

Fig. 4. Graphical calculation of sharing resistors
when V,, and AVp, are fixed.

The difference in junction temperature
depends on both differences of power
dissipation and on the thermal resistance
between devices.

ATj = A (R, * Ppissipation)

‘Experience shows that ATj = 10°C is the

maximum value for insulated devices mounted
on the same heatsink.

Using the derating shown in figure 5, for
ATj = 10°C:

AlR; = 0.2 IRM.
Taking a safety margin we can use:
AIR = 0.85 IRM.
2.3 EXAMPLE 1: series connection of three
STHV82 Power MOSFETSs:
Ratings:
Vpss = 800V
RDS(on) max = 2Q @ Tj=25°C

F{thj-case =1°C/W

3/11

MICROELECTRCNICS

37



APPLICATION NOTE

Conditions:

Maximum blocking voltage: Vy, = 2000V
Maximum Current and duty cycle:
Iy=3A,t,/T=05

ron
Case temperature:

TCASE = BOOC
Switching frequency : 50KHz.

Calculation of sharing resistor values.
Ti can be estimated using:

Rpsion) @ Tj = 100°C = Rpg(yn)(25°C) * 1.7

Tj = Tease + F{thj-case )
Rpsion) * 1D? * ton/T = 100°C.

For T, = 100°C using the derating of figure
5:

Igm = (1 - 0.6)mA = 0.4mA

For safety operation and reliability

Vi = 0.9 Vpgg = 720V.

Using equation (4):

R = (3 - 720 - 2000)/(2 - 0.4 E-3) = 200 kQ.

Maximum power dissipation of each resistor
when t,=0: VZ/R = 2.6 W.

10 LEAKAGE CURRENT (mA)

BIPOLAR TRANSISTORS
~

01k

\POWER-MOS.FET

001

0001 L L s L L L
20 40 60 80 100 120 140 160

JUNCTION TEMPERATURE (°C)

Fig.5. Leakage currentversus junctiontemperature.
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2.4 IS IT POSSIBLE TO ELIMINATE THE
SHARING RESISTORS?

For high frequency operation, it is necessary
to consider the impedance of the output
capacitance of the device which is in parallel
with the sharing resistors.

In the previous example the impedance of the
STHV82 output capacitance (150pF) is much
lower than the calculated value of the sharing
resistors:

Zgoss = 1/271CoSS = 21 KQ << 200KQ

Therefore, if only high switching frequency
conditions are expected, then the sharing
resistors can be omitted.

3.0 DRIVING CIRCUIT FOR FAST
SWITCHING DEVICES IN SERIES.

Two philosophies for driving switching power
devices in series and for optimizing transient
voltage sharing can be developed:

1) Driving each device in series with
syncronized pulses and masking the
difference of switching time.

2) Equalizing switching times with an
optimized driving circuit.

Syncronized driving pulses can be generated

by a transformer and delay turn-off time

difference can be masked by snubber
capacitors.

When continuous mode and wide range of

duty cycle are required, it is difficult to design

a method for driving the transformer. In this

case auxiliary supplies and optocouplers can

be used.

Equalization of switching times and

continuous mode can be achieved using

capacitive coupling between output circuit and
driving circuit and diode network can be used
for continuous bias.

MICROELECTRONICS
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3.1 DRIVING CIRCUIT GENERATING
SYNCRONIZED PULSES AND
TRANSFORMER COUPLING.

It is possible to achieve excellent
synchronization of the driving pulses together
with good control of the driving voltage and
current.

Figure 6 shows a driving circuit for both
voltage and current controlled devices.

The coupling inductances between the
primary winding and every secondary must
be as balanced as possible in order to
equalize all the transfer impedances.

In both circuits the device driving current is
limited on the primary side of the transformer;
this feature reduces the difference in delay
turn-off time of devices in series.

In fact during delay turn-off time or storage:

(Ipy + Ipg) = Ip * nz/ny
Input impedances of devices = 0
(-lgy = -lgp = 1p/2).
At the end of storage for bipolar transistors or

at the end of Miller effect for voltage controlled
devices (Power MOSFET, IGBT) the input

Vclamp

T

=

I 1
]

> ULT.
. = K
’— N E 100R
" it
Fig. 6. Syncronized Drive of fast switching power
devices in series using a transformer.
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impedance becomes very high and the driving
current fall, when the faster device turns-off,
the device with the higher turn-off delay time
increases its switching speed because it is
driven by all the available current

3.2 EQUALIZATION OF TURN-OFF
DELAY TIMES USING CAPACITANCES.

Inthe circuitof figure 7, the capacitors transmit
driving voltage to the high side devices and the
diodes supply continuous gate voltage during
the on state. The circuit works as follows.

During transition: We suppose that initially
all Power MOSFETSs are in the off state and
capacitor voltages are balanced. When the
positive edge is applied to drive circuit, P,
turns-on and pulls down the source of P,
The capacitor network charges the gate of P,
P, starts turn-on phase and pulls down source
of P, efc...

The turn-off phase is similar to the turn-on
phase. When P, turns-off, the source of P, is
pulled up. A negative voltage discharges the
gate of P, into the capacitor network turning

————7—OD
—/ D
=c

o |n %P3
Rd '_'
s
DE =¢C }
o
_‘__:e ::_I P2
Rd %
s
D =c iz\
n A P1
G l_'_’
Rd
O s
DRIVE oS

Fig. 7. Capacitors anddiode networkdriving Power
MOSFETSs connected in series.
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P, off, etc.
For a better voltage balance during switching,
the capacitor must be charged to the same
voltage (V4=Vco=...=V3); imbalance is due
to Power MOSFET gate charge and discharge
of the capacitors network. For this

AVpmax = (n-1) * Qgate cHarGe /N * C©
During on state: :

Vaate(M = Vprive - (0-1) * (Vps(on)* VF diode)
Therefore, for full saturation of every device
connected in series a driving voltage greater
than 15V is necessary.

Possible configurations. This circuit
configuration can be used for series
connection of IGBTs and BIPOLAR
TRANSISTORS.

When connecting IGBTS, sharing capacitors
are necessary because the turn-off current tail
ofIGBTs does notdepend on the driving circuit.

ADVANTAGES: Using POWER MOSFETs
this circuit allows optimum dynamic voltage
balance with low values of capacitors so
minimizing energy dissipation.

R

iy

S e

P e e et

[/
U

e ~--/
[ I O AXE RS0 S

Photo 1. Voltage sharing and drain current of two
Power MOSFETSs in series as described
in the example 1.
I = 2A/div, V = 500V/div.

LA shed i) A1) J Ak
T
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DISADVANTAGES: The circuit is critical
when driving bipolar transistors due to high
drive energy.

Itis difficult to optimize switching waveforms.
You can see in Photo 1 that current fall
waveforms are not correct.

The driving voltage necessary for full
saturation can be greater than the rated gate
voltage.

For better on-state and switching
performances, a regulator for each POWER
MOSFET gate must be introduced (Figure 8)
and optimization of the driving circuit will be
necessary.

EXAMPLE 2.

Photo 2 shows POWER MOSFET drain
voltage balance anddrain currentbehaviourin
the circuit of figure 7, where STHV102 devices
are connected in series andin parallel.

C = 1500pF.
QgATE cHARgE Of 2 * STHV102 @
(Vg =15V) =2 -85nc = 170nc
AV =170 E-9/2 - 1500 E-12 = 56.5V

NI VRN &f REEIAN DY ENE

AN LM e
) /

B AT e
FLCRDRSEVNTS Y RSN RCR DRI § P90 5§

RSB ﬁ__'lj'.".‘_j";'

Photo 2. Load current and voltage sharing
behaviour of two BUV46 in series as
shown in figure 5. Cg = 4.7nF,
lg=0.5A/iv, | 5pp=2A/div, V = 500V/div.
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4.0 TRANSIENT VOLTAGE SHARING
WITH SYNCRONIZED DRIVING CIRCUIT.

The transition overvoltages due to the
difference between turn-off times can be
controlled using sharing capacitors as shown
in figure 9.

During switching operation, discharge of the
sharing capacitors generates power losses so
reducing efficiency of the converter.

“In this note we define the losses of efficiency
due to the capacitors discharge as follows:
Balancing losses/handled power=n+0.5+C
* V2« {/(Vy * I * duty cycle).

4.1 HOW TO CALCULATE SHARING
CAPACITORS.

Worst case condition occurs at turn-off with a
inductive load. When the faster device in
series turns-off, all the current load charges
the capacitance in parallel to the slower device
output , and generates a fast voltage rise.
Using suitable capacitances it is possible to
retard the voltage rise and to fix AV as shown
in figure 9.

oD
D
X
s
S
_D
4
REGUL. AL
DA = !
voLT. | o |in &
J’O 'REGUL., ’J
o
DRIVE Ss

Fig. 8. Drivingcircuitoffigure 7 for optimized driving
voltage and switch-off.
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C = AQ/AVR = [(14(1) - 1) dt/ AV (5)

For n devices connected in series and
setting Cy = C, = .... = C,, Atand Al are
fixed to the maximum value.

4.2 SERIES OF BIPOLAR TRANSISTORS.

At turn-off the difference in storage time must
be considered. In fact, denaturation at the end
of the storage will cause collector voltage rise.
For bipolar transistors the spread of this
parameter, about 50%, is much higher than
the fall time. For this AQ = lggr * g 50, and
the equation (5) becomes:

Cymin = lore * Atstorage /' AVR max: (6)
EXAMPLE 3:
Series connection of two BUV46AFI.
Ratings:
Vegs = 1000V
1.518 < tyorage < 25 1 @ I = 2.5A;

lg1 = Igp = 0.5A, T, = 25°C.
= 5A

IC nom.

\

Icharge

C

Is1ls2

|c‘i’1arge

i
;

t1ot2 t

Fig. 9. Evaluation of sharing capacitors reducing
the effect of delay turn-off time spread.
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Conditions:

Maximum turn-off clamping voltage:
Vy = 1600V.

lopr Max. = 3A.

Switching frequency:

15 KHz, duty cycle = 0.5

lgq = -lgo = 0.5A

Solution:

For safety margin:

VCEmax =09-+ VCES = 900V

AVR max= 2 * VeEmax - Ym = 200V

Using equation (6):

C2pyn = (3 + 1E-6)/200 = 15nF.

The power dissipation due to discharge of
sharing capacitors is: ’

Balancing losses = Pp = C - V2+ F = 144 W.
(Balancing losses/handled power %) =
Pp/1*Viax*05+%=6%

For better efficiency this energy must be
reduced. For this, it is necessary to limit the
maximum spread by a selection of devices.
If Atgorage = 300ns, then a 4.7 nF sharing
capacitor can be used as shown in photo 2.
4.3 SERIES OF POWER MOSFETSs.

The current fall in POWER MOSFETs is very
fast; equation (5) becomes:

AVg = lor * Atopr / ©

torFmax €@n be calculated using gate charge,
as shown in figure 7:

~torr = (Qq + Qylgate
If IgaTe is balanced for all devices in series ,

then Atger max can be calculated using the
distribution of figure 11; moreover, due to

8/11
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temperature independance of gate charge,
temperature difference between junction
devices can be disregarded:

- Atoee = 5/100 - (typical value of tygg)

If each POWER MOSFET has its own driving
resistor, then tollerance of resistors must be
considered and delay turn-off time can be
calculated as follows:

“lopp=tlatty =

EXAMPLE 4: Series of two STHV102.

Ratings:

Vpg = 1000V

Gate charge: Q + Q, =62 nc = 5%

Conditions:

lg = 100 mA.

Maximum clamping voltage:

Vyy = 1600V

lopr = 3A

F = 15 KHz, duty cycle = 0.5

Solution:

For safety margin:

Vpsmax = 0.9 * Vpg = 900V

AVR max = 2 * Vpsmax - Vimax = 200V
Atopr = A (Qq + Qy)lg =

6.2E-9/100 E - 3 = 62ns.

Cpin = (3 * 62 E-9) / 200 = 930pF.(1000pF)

Pp@ F=15KHz=CV2-f=96W

(Balancing Losses/handled power) = 0.4 %
Photo 3 shows devices behaviour with the
conditions of the example and C = 1500pF.
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4.4 SERIES OF IGBTSs.

Photo 4 shows the behaviour of two 1000 V
IGBTSs in series at turn-off using an inductive
load with sharing capacitors (1500pF). Due
to the high fall time value (figure 9), the total
voltage (Vogq + Vggp) can reach the
clamping voltage before the end of current
fall.

Therefore, the equation (6) can not be
simplified and AV must be split as follows:

where:
AVpy =V, -V, @ t=t, (photo 4) is due both,
to the delay turn-off time difference, and

to the difference of current tail during
voltage rise.

AVg, is due to the difference of sharing
capacitor charge when V4 + V, = Vi amp
= constant due to the difference of current
tail and Atgy | @ AV, = AQ,/2C

The minimum value of sharing capacitor can
not be calculated easily due to the influence
of dV/dt on the current tail behaviour.

For easy evaluation, the charge time of the
sharing capacitor (t, - t;) must be equal to the
maximum tg, | . In this case:

C =2 (lorr - 1A’ * traLLmax
AV = AVy = (Alope * (lopr - lrai/2))/C +
AlralL * traLLmax/2C

Atgoer depending on gate charge spread is
temperature independent.

AL AlTaiLs traLL @re temperature dependent
as shown in figure 13.

Aﬂ SGS-THOMSON

EXAMPLE 5:
Series of two IGBTs STGH8N100.

Ratings:

Veesmax = 1000V

lcmax = 8A @ Tc=125°C

tFALL = 800”5 + 20°/O @ TC =1 25°C

(see figure 9)

Gate charge = 60 nc + 5%
(similar to STHV102)

Conditions:

AVRmay = 200V

lcmax =8 A
Tjmax = 125°C

f = 15Khz, duty cycle = 0.5

Solution:

C=2"(lor - lran/2 *
trALLmax / VoLamp = 78 nF
Mo = A (Qq + Qg =
6.2E-9/100 E - 3 = 62ns.

AlraL * traLLmax/2C = 113 V
Resulting AVg<< 200 V, a 6.8 nF capacitor
can be used and AVg=130V.

Balancing losses =
Pp (15KHz) = C - V2. f=65W

(Balancing Losses/handled power) =
P/ Viax * 1705 =1%.

9/11
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Photo 3. Load current and voltage sharing of two
Power MOSFET STHV102 in series as
shown in figure 5. Cg = 1.5nf,
Aty = 60ns, | = 2A/div, V = 500V/div.

Vg SNUBBER EFFECT

o /\

TURN-OFF WAVEFORMS

VDS

ID

TURN-OFF WITH SNUBBER

Fig. 10. Turn-off behaviour of Power MOSFET
when connecting snubber capacitors.

Va . ;

Photo 4. Turn-off behaviour of two

Fig. 11.

Ttall (nsec)
00

IGBTs
STGH8N100 in series with syncronized
driving pulses. C = 1.5nF, Ti = 100°C.
I=2a/div, loyapge=0-5AVdiv, V=200V/div.
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Fig. 12. Current fall behaviour of IGBT devices. Fig. 13. tz4 | and current tail of IGBTSs vs junction
temperature.
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5.0 CONCLUSIONS.

Every switching power device can be
connected in series successfully in order to
make a power switch for fast switching
applications working at a voltage greater than
1500 V.

For optimum voltage sharing during steady
state and switching, it is necessary:

- to make a compromise with the additional
power losses introduced by sharing
capaciters and by sharing resistors.

- that the junction temperature difference
between devices in series must be as low
as possible; especially for bipolar transistors
and IGBTs.

Bipolar transistors require a selection by
storage time.

Power MOSFETs are temperature
independent and have very low parameter

£ GS-THONISCN
S/ gucﬁ@mmm@mucs

spread, making them easy to connect in
series.

IGBTs need considerable sharing capacitors,
but these devices are attractive thanks to
their very low saturation voltage and low
driving energy.

The driving circuit can be made either by using
a tranformer for syncronized driving pulses,
or with a diode and capacitor network.
When using a transformer, driving voltage or
current can be controlled easily, but,
continuous mode and a wide range of duty
cycle can be a problem .

The diode and capacitor network allows
equalisation of devices turn-off time, so
reducing sharing capacitors value when gate
voltage controlled devices are used. This
method requires hard optimization of the
circuit for very fast switching applications.

11/11
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AN INTRODUCTION TO POWER MOSFETS

1. INTRODUCTION

1.1 MOSFET Operation + a Metal layer which forms the drive electrode or
gate, (replaced by polysilicon in modern designs)

- an Oxide isolation layer, which prevents current
flow between the drive electrode and the other two
electrodes of the device, but does not block the
electric field, and

» a Semiconductor layer, which depending on the

AMOSFET is a three-terminal device which in basic
terms behaves as a voltage controlled switch - see
figure 1. The device allows conduction between the
source and drain terminals only if an appropriate
voltage is applied to the gate.

The term MOSFET is an acronym, standing for voltage at (and hence electric field caused by) the
Metal-Oxide-Semiconductor Field Effect Transistor. gate, either blocks or allows current to flow between
MOS describes the original structure of the device, the source and drain contacts.

which essentially consisted of three layers: See figure 2.

Figure 1. a) MOSFET circuit symbol b) Driving a MOSFET
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DRAINCURRENT ~ C E@
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Figure 2. MOSFET Basic Structure
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The controlled conduction path between the source
and the drain is known as the channel. In the most
conceptually simple type of MOSFET (and in the
case of Power MOSFETs the most common), the
N-Channel Enhancement type, if the gate is held at
0V, the channel does not conduct. However, if a
positive drive voltage is applied to the gate (or more
accurately between the gate and the source), the
electric field it generates through the insulating oxide
layer causes negative carriers to be attracted towards
the gate, forming an "inversion layer" of minority
carriers in the p-type silicon under the gate, and
making the channel conductive.

1.2 Comparison of p and n Channel MOSFETs

The type of carrier generated depends upon the
doping of the silicon in the channel - negative carriers
for n-type silicon, and positive for p-type - that is to
say the majority carrier. These types of MOSFETs
are known as n-channel and p-channel respectively.

The fundamental difference between the p and n
channel MOSFET is the polarity of the gate voltage
required to make the channel more conductive. In
the n-channel MOSFET, as discussed above, a
positive gate voltage induces more negative carriers
igdthe p type silicon of the channel, and so the
ctiannel becomes more conductive. Conversely, the
drive yoltage of a p channel transistor must be made
more negative to increase the channel conductivity,
as the carriers in this case are positive.

From a practical point of view, the main difference
between the p and n channel MOSFET is the channel
resistivity and consequently the relative size and
cost of the devices. The mobilility of n carriers is
around 2.6 times the mobility of p carriers, and so to
achieve the same channel on-resistance (and hence
power dissipation when conducting current), a p-
channel device would have to be around 2.6 times
the size of an equivalent n-channel device. For this
reason the vast majority of current Power MOSFET
transistors are of the n-channel type.

1.2.1 Problems with generating the gate voltage

In many applications the transistor is placed between
the load and the main positive rail of the supply.
Thus, when the device is turned off, the source
voltage is almost at the level of the positive rail. If an
n-type device is used in this situation, the voltage
required to turn it on is actually greater than the level
of the positive supply. This means that additional
circuitry is required to supply this.

215 L7, SEs-THOMS O

The opposite applies to a p-type device connected
between the load and ground, but as p-type devices
are much less common, the problem is encountered
less often.

1.3 Comparison of Enhancement and Depletion
types

The example given in section 1.1 above discussed
an enhancement mode transistor - that is when no
voltage is applied to the gate, the channel is not
conductive. However, another type of MOSFET
exists, known as depletion mode. In this type,
impurities implanted under the gate oxide during the
fabrication of the transistor create a permanent
channel, which is conductive even when no gate
voltage is applied. In this type a gate voltage is
applied to stop, rather than start, conduction.

The majority of current Power MOSFET transistors
are of the enhancement type. This type is used
partly because of the convention of using positive
voltages to turn on devices, and partly because from
a safety point of view in most applications it is
desirable for the device to turn off if the power for the
gate drive is lost.

1.4 Lateral and Vertical Structures

The simplified structure shown in figure 2 above is a
lateral structure - the current flows sideways through
the wafer from the source to the drain, and all three
contacts are on the upper surface of the wafer. This
structure is suitable for low power transistors, for
example those in microprocessors and memories,
and some medium power applications, but the
restricted width of the conduction path means that
its resistivity is relatively high. For higher power
applications, this means poor energy efficiency and
a potentially destructive buildup of heat. The
alternative is to increase the effective width of the
conduction path by allowing the current flow through
the silicon substrate, and placing the drain contact
on the lower surface of the wafer. This results in a
device known as a vertical MOSFET, which is the
most common type of Power MOSFET structure.

2.EVOLUTION OF POWER MOSFET STRUCTURE

Vertical double diffused MOS silicon gate technology
represents the final stage in the evolution of vertical
Power MOSFET devices. The principal steps in this
evolution have been:

a) V groove MOSFET (VMOS)
b) U groove MOSFET (UMOS)

o MICROELECTRONICS
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c¢) Double diffuised MOS metal gate (VDMOS - metal
gate)

d) Double diffused MOS polycrystalline silicon gate
(VDMOS - silicon gate).

See figure 3.

Currently, the VDMOS - silicon gate structure is still
used, while the other three have become obsolete,
due to problems in the manufacturing process.

All share some common characteristics: in all
structures current flows vertically through the wafer
from a source contact on the upper surface to a
drain contact on the lower surface, and construction
of all starts from an epitaxial lightly doped n- layer
grown on a heavily doped n" substrate (for n channel
devices).

The n region supports the largest proportion of the
applied drain potential, as its doping level is much
lower (and hence resistivity much higher) than the p
body region.

2. VDMOS SILICON GATE
2.1 Structure

The VDMOS structure (figure 4) combines the best
features of earlier technologies with improved
fabrication techniques, similar to VLSI techniques,

Figure 3. a) VMOS b) UMOS

to achieve much better performance.

Electron current flows from the source metal to the
source contact, laterally through the channel, and
then vertically through the drain and substrate to the
drain metal.

The VDMOS structure consists of two layers: the
lower layer consisting of doped polycrystalline silicon,
and the upper being the source metallization. It is a
self-aligned structure, as the holes etched in the
polysilicon layer can be used as the mask for the
diffusion of the p* well and the n* source. In this way
the MOS channel regions are obtained by the
difference in lateral diffusion of the two impurity
distributions. The use of double diffusion results in
very shdrt channels (<= 1.5 micron).

The higher packing density resulting from the
VDMOS structure directly reduces the cost and
improves the performance of the device. The use of
a highly doped polysilicon gate also reduces the
possibility of sodium ion contamination of the gate
oxide (and hence means that the gate voltage
required to make the channel conductive, known as
the gate threshold voltage Vg, has a more
consistent value between MOSFETs of the same
type) and the full surface source metallization allows
better current distribution.

c) VDMOS - Metal Gate d) VDMOS - Silicon Gate
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Figure 4. Schematic representation of VDMOS cell structure, showing parasitic diode
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2.1.1 The Parasitic Diode

In the basic MOSFET structure, the n source region,
the p well and the n drain combine to form a parasitic
bipolar transistor. In practical designs this is removed
by shorting together the n source and the p body
regions. However, this still leaves a parasitic diode
connected in anti-parallel between the drain and
source - see figure 4. This diode conducts when the
source is positive with respect to the drain, and can
handle forward current equal to the drain current
rating, and can be useful in some applications.

4. DESIGN OF A POWER MOSFET

In the design of a Power MOSFET transistor, the
two parameters of most interest are the on-resistance
of the conduction path between the drain and source
(Rps(n) for a given chip area, and the drain-source
breakdown voltage - that is the maximum voltage
the device can block when turned off.

4.1 Drain-source on resistance - R,

The vertical power DMOS consists of a large number
of cells connected in parallel on a single piece of
silicon, or die. The value of Rpgyy is heavily
dependent on the topological layout - the shape and
size of the cells, and the packing density.

Optimization of this parameter requires comparison
between different geometrical solutions at both low
and high voltages. If the behaviour of the components
of the Ry is analyzed (figure 5), it can be seen
that for low voltage applications (< 400V) the channel

4/15
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has the greater effect in defining its value. To optimize
the Rpgn it is necessary to maximize the Power
MOSFET channel perimeter per unit area with a
high packing density. Low voltage devices have a
packing density of around 1.3 million cells per square
inch - see figure 6a.

For high voltage devices (> 400V), the epitaxial
layer resistance has a greater effect than the overall
on-resistance. To optimize the Rpg, it is necessary
to minimise bulk resistance by selecting a low packing
density layout which increases the area of the
epitaxial drift region. High voltage devices have a
packing density of around 350 000 to 500 000 cells
per square inch - see figure 6b.

4.2 Drain-source breakdown voltage V g s

For the best possible ruggedness of the device, the
Power MOSFET should be designed to break down
first in avalanche mode in the bulk silicon. In this
area the breakdown voltage depends upon the size
of the n- epitaxial layer. However, increasing the
size of this layer increases the Ryg,, of the device,
and so the design of the device is a result of a
tradeoff between these two parameters.

At high voltages however, breakdown at the edges
of the junctions begins to occur before the avalanche
rating of the bulk silicon is reached, caused by
surface electric field curvature and crowding.

To combat this, special edge structures have been
developed to make the electric field along the edge
of the junction more uniform and thus prevent
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Figure 5. Comparison ofelements of Rjgn for low and high voltage devices
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breakdown at any point. This is achieved by adjusting
the charge density along the edge of the junction by
varying the dopant strength - see figure 7.

4.3 Threshold voltage

The value of the gate threshold voltage Vg, iS
dependent upon the thickness of the gate oxide, and
on N,, the peak impurity concentration in the laterally
diffused body in the region between the source and
drain.

Under strong reverse bias, channel punch-through
can occur as a result of insufficient impurity charge
in the channel. To avoid this a tradeoff between
Vesuy @nd channel length must be made. For a fixed
gate oxide thickness, a shorter channel implies a
greater peak N, and a higher Vggy,y. However a
lower Vs Sets a lower limit to the channel length
in relation to the punch-through problem.

Because Vg has a negative temperature
coefficient, its value cannot be too low. However, if it
is too high, devices cannot be driven directly from
low voltage logic circuits.

5. APPLICATIONS
In general terms Power MOSFETs compete with

Bipolar transistors and IGBTs, and find applications
in power conversion (switch mode power supplies
etc.), motor drive, lamp ballast, and power switches.

Its main advantages over the other types of device
are its simple drive requirements, lower switching
losses at high frequencies, and low cost at low
voltages.

At medium to high voltages (above around 200V)
and low frequencies, the MOSFET becomes less
attractive in comparison with the bipolar transistor.
This is because at these voltages the large area of
silicon required to sustain the breakdown voltage
while keeping the on-resistance to an acceptable
level makes the device relatively expensive.

Fora MOSFET:
Roson @ V2 _ V2 2426
Roson @ V1 \%|

while for a Power Bipolar:
Ban@V2 = V2 o7

Ry @V1 V1

At high operating frequencies (>100kHz) MOSFETs
are the only suitable power semiconductor.

Figure 7. Preventing field crowding and breakdown with DIPS (Double Implanted Planar Structure)

edge termination
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6. SWITCHING

The fundamental objective of the Power MOSFET
device is to switch high quantities of power with as
low losses as possible - to maximize the ratio:

Total power switched
Energy dissipated per cycle

In practical conditions, three main states of the device
can be identified:

ON state

When the device is on and the channel is conducting,
the dissipated power is:

Pcn = VDS(on) . ID
or alternatively:

Pon = RDS(on) . ]20
This depends upon the device design (cell
dimensions and layout) and the technology used.
OFF state

When the device is off, the drain is at the supply
voltage, and the power dissipated is:

Pon = VDD . IDss
Ipss is the zero gate voltage drain current, and is
usually very small.
Transitions
The power dissipated at the switching instant is:
Psw = Vos(t) - In(t)
This depends upon the on/off switching speed of the
device: see figures 8 and 9.
6.1 Switching frequency

Unlike the Power Bipolar, whose maximum operating
frequency is limited by the rate at which the minority
carriers in the base recombine, the Power MOSFET
is only limited by the rate at which the drive circuit
can charge the gate capacitance. Its operating
frequency can thus be very high, for example
hundreds of kHz.

7. SWITCHING CHARACTERISTICS OF THE
POWER MOSFET INPUT

Power MOSFETS, unlike bipolar devices, require
drive energy only during the charge and discharge

Figure 8. Current/ Voltage switching waveforms

Figure 9. Power dissipation waveforms

I s

Figure 10. Power MOSFET equivalent circuit,
showing parasitic capacitances

of the input capacitances at the switching instants. R
Figure 10 shows an equivalent circuit of a MOSFET,
driven by a voltage source with internal resistance
r SGS-THONISON 715
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R;, and with a load R,.

It should be noted that the effective input capacitance
C,s (@ combination of the effects of Cgg and Cegp)
does not remain constant, but varies through the
switching cycle, because Cgp, the gate-drain
capacitance, varies with Vg, for two reasons:

* Cgp varies with the thickness of the drain depletion
layer. As Vpg increases, the layer becomes thicker,
and Cgp decreases.

« A more pronounced effect is due to the fact that
when the device switches on, Vpg (and hence the
voltage across Cgp) falls from Vpp t0 Vipgon. The
input must be fed a charge Q, where:

Q= CGD(VDD - VDS(on))
to account for this voltage variation across Cgp.

This occurs when the gate voltage becomes greater
than Vs, and the drain voltage begins to fall. At
this point the gate-source voltage Vgs cannot
increase further until the charge Q has been
supplied - thus for a while the input capacitance
appears infinite. This phenomenon is known as
the Miller effect.

Figure 11 shows the net effect of these two
phenomena. The flat “step” in the centre of the graph
is caused by the Miller effect, while the fact that the
other two sections of the graph have different slopes
is due to the former effect.

At turn-off the effects occur in reverse order, and so

Figure 11. Gate charge versus gate-source
voltage (STP5NA50)

the turn-off behaviour is simply the inverse of the
turn-on behaviour.

The drive energy required to drive the MOSFET
during switching can thus be calculated using:

E, =", Q- Ves

Qg (the total gate charge) and Vs can be obtained
from figure 11.

The input energy can also be calculated in a more
direct manner by calculating the integral of the input
current lg during turn-on or turn-off switching (the
two areas are equal, see figure 12). This integral
represents Qg, which then allows calculation of E,.

The driving energy required varies only with the die
size of the device, assuming the same drive voltage.

Figure 13 shows a practical implementation of a
drive circuit. The NPN transistor T1 conducts at the
beginning of the ON phase to charge the MOSFET
capacitance, while the PNP transistor T2 conducts
at the beginning of the OFF phase to discharge the
device.

The total energy dissipated per cycle in the input
stage (including the MOSFET input) is:

E,=Qq - Vo

where V. is the supply voltage of the drive (12V in
figure 13). This energy is actually dissipated in the
two driving transistors, as the input capacitance
acts only as a non-dissipative element, storing energy
from T1 at turn on, and returning it to T2 at turn off.

Figure 12. Gate voltage and current switching
waveforms
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Figure 13. Practical MOSFET drive circuit
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Figure14. V45 and V,s waveforms when
switching a resistive load
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8. SWITCHING CHARACTERISTICS OF THE
POWER MOSFET OUTPUT

8.1 Switching times
See figure 14.

8.1.1 Turn-on delay time (t,,,)

This represents the time required for Vg to reach
the threshold level Vg, at which the device begins
to conduct. The increase of Vg depends on the
charging of a capacitor, and so is exponential:

VGS = V'(-l - e-HFh.CIss) (1)

By substituting Vgs with Vgs, and rearranging we
can obtain:

td(on) = R| . Clss .In V.\-/ivm
Inserting typical values for V, and Vg, (V, = 10V,
Vs = 3V) we get:
tgom = 0.35 R,. Cyss
In practice this time is very small (10 - 20ns) and
during this time the device is off, and so the energy

dissipated is in the order of picojoules, and is
negligible in comparison with overall energy losses.

8.1.1.11,, and t,

t.se @and ty,, are defined by the slopes of Vg as shown
in figure 14.

8.1.2 Turn-off delay time

tson €aN be referred to as the delay time, since it
represents the time necessary to remove the excess

charge from the gate and the channel, caused by
too great a value of input voltage. Typical drain
current and voltage waveforms are shown in figure
15.

8.3 Parasitic capacitances andresistances

The term R, in equation 1 incorporates Rpgye, the
equivalent output resistance of the drive circuit, and
Re, the internal resistance of the gate (the resistance
between the external connection of the gate, and
actual gate area on the die). C,, is a sum of the
effects of Cgs, the capacitance between the gate
and source, and Cyg, the capacitance between the
drain and source, see figure 16a.

Obviously the smaller the value of the term R,.Cg,
the faster Vgs reaches its final value, and the lower
the switching losses. To minimize this time constant,
the device user can adjust the value of Rygye, and
the device designer can control C, and Rg.

The value of Vpp, the MOSFET supply voltage,
influences the switching of the MOSFET - the higher
the supply voltage, the higher the stored charge,
and therefore the higher the t; and the drive energy
required. Figures 17, 18, 19 and 20 show the variation
of the delay time t,, the fall time t, and the rise time t,
as a function of drain current and supply voltage, for
alow voltage and a high voltage MOSFET switching
resistive loads.

The variation of t, and t, with V is similar to that of
E,, as they are caused by the same phenomena. t,
is a function of C ,; only, which, since the Miller effect
is not present, is constant during this phase.
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Figure 15. a) Turn-on with resistive load
b) Turn-off with resistive load
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Figure 16. a) Power MOSFET equivalent circuit, showing internal gate resistance
b) Parasitic capacitances as a function of V¢
c) Charging and discharging of parasitic capacitances at turn-on and turn-off
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Figure 17. Delay, rise and fall times as a function
of I, (STP18N10, 100V, 140mQ)

Figure 18. Delay, rise and fall times as a function
of V,p (STP18N10)
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Figure 19. Delay, rise and fall times as a function

Figure 20. Delay, rise and fall times as a function

of I,(STP5NAS50, 500V, 1.6Q) of Vo (STP5NAS50)
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The equivalent output capacitance Cygs can have a

great effect on the turn-on switching losses. When

the device is turned on, Coss must be discharged,

releasing an energy in the transistor equal to:
E=1/2Cggs - Vpp?

and the power dissipated increases with voltage and

Ei SGS-THONMSON

o MICROELECTRONICS

frequency. In high frequency, high voltage
applications the device must be therefore be selected
through a compromise between turn-on losses
(affected by Coss, minimised by using a device with
a smaller die size), and the conduction losses
(affected by Rpsen), minimised by using a device
with a larger die size).
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8.4 Parasiticinductances

Figure 21 shows the main parasitic inductive
elements, which affect diy/dt. These are:

L, -the parasitic inductance due to the connections
between the clamping diode and the load

L -the parasitic inductance between the drain of the
Power MOSFET device and the load

L -the parasitic inductance between the gate and
the driving circuit

L -the parasitic inductance between the source and
ground.

8.5 Energy dissipation in switching

Energy dissipation can be divided into four phases:
i) the ON state

ii) the OFF state

iii) transition ON-OFF

iv) transition OFF-ON

8.5.1 The ON state

In the ON state, when the channel is completely
open, Power MOSFET devices have a minimum on-
resistance, Rosien, Which is dependent on the junction
temperature, T, This gives a power dissipation of:

PD(on) = RDS(on)(Tl) . IZD RMS

= Rpsen - [1 +a(T,-25°C)] . 125 rms

where a is the positive temperature coefficient of
Rosiony €qual to 8x102°C-".

The lower the Rpsqn), the lower the power dissipation.
This parameter can be controlled by the device
manufacturer, by improving the back metallisation
of the chip and its attachment to the case, by
controlling the epitaxial growth of the drain, and by
optimizing the Power MOSFET structure.

8.5.2 Off state

When the device is switched off, V¢ is equal to Vpp.
Only the leakage current |, flows through the
device. The power dissipation during this period is
given by:

Poﬂ = VDD . IDSS

This energy is in the range of picojoules and is
negligible in comparison with other losses.

8.5.3 Transitions
During transitions the instantaneous dissipated

12/15
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Figure 21. Parasitic inductances

VDD

L

power is:
P(t) = Vis(t) - In(t)
The total energy consumption during each transition
can be calculated with:
tb
E = ,[,a P(t) dt
tb

= Ju Vos() . lo(t)

where ta and tb represent the beginning and end of
the transitions respectively.

8.5.4 Calculating the total energy dissipation per
cycle

The total energy dissipated per cycle in the Power
MOSFET can be expressed as:

ETOT = Eon + Eoﬂ+ Eoﬂ-on + Eon-olf + Ep

where:

Eror = total energy dissipated per cycle

E,., = total energy dissipated during the on-state
E,; = total energy dissipated during the off-state

E.on = total energy dissipated during turn-on
Eonon = total energy dissipated during turn-off
E, = total energy dissipated by the drive circuit

As Ey is in the order of picojoules, and E, is in the
order of nanojoules, they can be neglected, giving:

ETOT = Eon + Eoﬂ-an + Eon-ofl

These three terms depend to differing degrees on

MICROELECTRONICS
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the operating conditions of the device, |5, Vpp and
the duty cycle.

8.6 Switching with an inductive load

In the majority of applications Power MOSFETSs are
used to switch power through inductive loads - for
example in motor drives and switch mode power
supplies. A typical clamped inductive load circuit is
shown in figure 22.

The fast diode D is placed in the circuit to prevent
large destructive overvoltages being generated.
When the current through the inductor falls at turn-
off, a voltage is generated in the inductor in the
opposite sense to the supply voltage. When this
occurs, diode D becomes forward biassed and hence
acts as a short circuit of the inductor, preventing the
overvoltage from becoming too large. This process
is known as freewheeling.

8.6.1 ON state

Figure 23 can be used to calculate the energy
dissipation during the ON phase. The slope of I
during the conduction phase is given by:

dlp = Vo
dt L
and the energy lost per cycle is given by:

t
Eon = Jl |20(t) - RDS(on) .dt

where tis the pulse width.
In most cases, the slope of |, is quite smooth, and

Figure22. Power MOSFET with clamped
inductive load

L FAST
DIODE

the above expression can be reasonably
approximated as:

Eon = RDS(on)(Tj) NEN
where | is the average value of | in the period t.
8.6.2 OFF state

The energy loss in the OFF state is the same as that
given in section 8.5.2 above.

8.6.3 Turn ON transition

The turn on characteristics of the circuit are shown
in figures 24 and 25.

Before the turn-on phase diode D is freewheeling
(re-circulating) the load current.

Turn-on itself can be divided into two phases:
Point A to point B

Part of the current in the load begins to flow through
the MOSFET device. Diode D begins to turn off, but
until its reverse recovery time has passed, the diode
continues to conduct and still appears as a short

Figure 23. I, waveform during switching cycles
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circuit to the load. Because the load is shorted, the
voltage across the MOSFET is almost equal to the
supply voltage. There is a small step in the Vps
waveform due to the effects of the parasitic
inductances L and Lg (which depend on the circuit
layout). The size of this step depends on the rate of
change of drain current dl,/dt.

Point B to point C

In this phase, the reverse recovery time of the diode
has passed, and it has become reverse biassed.
The current in the Power MOSFET is the sum of the
currents in the load and the diode, causing the peak
in the |, waveform (an overvoltage is created in the
inductor by the increasing drain current).

The voltage Vps falls to Vpg(n as the load is no
longer shorted. The fall of Vpg is delayed by the
Miller effect.

The output energy dissipation per turn-on cycle is
shown in figure 25.

All of these phenomena mean that even if the
switching is very fast, the existence of significant
currents through and voltages across devices
simultaneously means that losses can be high.
Reducing these losses requires minimization of the
rise time of |, (increasing dly/dt) and of the reverse
recovery time of the clamping diode.

8.6.4 Turn OFF transition

The initial conditions of the turn off phase can be
taken to be lp = I gap @nd Vips = Vpsion) = Roson) « Ios
and the freewheel diode reverse biassed. Figure 26

Figure 25. Energy dissipation during turn-on of
inductive load

t=50ns / div, P = 200W/ div, E = 67.51J

14/15
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shows the turn-off characteristics.
Again it is possible to distinguish two phases:
Point D to point E

Vps increases while |, remains constant and equal
to I onp. The diode remains reverse biassed.

Point F to point G
Diode D begins to conduct and so I, begins to fall.

Figure 27 shows the energy dissipated in the output
during the turn-off phase. Even though there is no
effect of the diode reverse recovery time during this
phase, losses are still high, as the Miller effect in the
Power MOSFET delays fall of Vs and therefore the
turn-on of the freewheeling diode.

8.6.5 Power dissipation in the transitions

The power waveform is triangular in shape (see
figures 25 and 27).

8.6.6 Improving power dissipation in the transitions
8.6.6.1 Increasing dl /dt

The equation which applies to the input loop is:

V, = R.lg + Lg.dig/dt + Vg + Lg.dlp/dt

where R, is the equivalent resistance of the driving
circuit. Considering the phase when | increases, it
is possible to ignore the term Lg.dig/dt as at this time
dig/dt is zero (the threshold voltage has been

overcome, and ig is constant), and so the expression
can be rearranged as:

db= V-Rule-Vg
dt Ls

So dly/dt can be increased increasing V,, and by
reducing Rg and L.

8.6.6.1 Improving the reverse recovery of the diode
The faster the clamping diode used, the lower the

current peak in the Power MOSFET, and the lower
the energy dissipated.

The effects of the inductances L, and L of the diode
connections on V, and I, are shown in figure 28.
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Figure 26. Turn-off with inductive load Figure 28. Effect of L,and Lgon Vs and |,
2 VA i

VDS D/I7
ta

t,)

t = 50ns / div, V = 40V / div, | = 1.2A/ div,
Rg = 25Q, Vg = 10V

Figure 27. Energy consumption during turn-off
of inductive load

t = 50ns / div, P = 200W / div, E = 70.6uJ
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ANEW APPROACH TO PARAMETER EXTRACTION
FOR THE SPICE POWER MOSFET MODEL

ABSTRACT

The increasing complexity of Power MOSFET
technology and the inclusion, on the same chip, of
more and more intelligence together with the power
switch, requires an accurate simulation of DC and
AC characteristics of the power device to obtain a
good correlation between simulation results and
experimental data.

A robust design has to take the worst cases into
consideration as well as the typical conditions. Also
the simulation has to make provision for the spread
of device characteristics due to manufacturing
tolerances.

This paper describes a new approach to parameter
extraction for a sub-circuit model of Power MOSFETs
to be used in the SPICE circuit simulator which uses
a powerful analytical simulator developed by SGS-
THOMSON Microelectronics.

This simulator, whose models have been built
considering physical structure and layout parameters,
allows the optimisation of the mostimportant device
characteristics and also takes into account the
possible parameter spread due to the process. For
this reason the program output can give not only the
average values of required parameters but also their
statistical distribution.

1.INTRODUCTION

The modelling of power MOSFETS, in spite of the
contributions from numerous authors, still exhibits
some points to be improved. From the user point of
view the choice of the model topology is determined
by the degree of accuracy the results require, the
computation time, convergence problems and the
robustness and simplicity of the parameter extraction
method.

One of the weak points of the actual models is due
to drain-gate capacitance modelling which
complicates the switching behaviour because of its
high degree of non-linearity. But leaving apart this
drawback which can be mitigated at the cost of
increasing model complexity, (and thus computation
time), the usefulness of model accuracy has often

AN473/0692
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been limited by the lack of robustness of the
parameter extraction method employed. The aim of
this paper is to give a contribution to solving this
weak point.

The parameter extraction is usually performed by
elaboration of experimental measurements, but some
parameters are not directly measurable and others
are not related to the physics of the device but are
simply fit parameters to model the device as close
as possible to reality. This paper shows a different
way to tackle the problem which employs a new
powerful package, COSMOS, entirely developed in-
house by SGS-THOMSON Microelectronics. A
number of analytical models have been developed
to allow the extraction of parameters tied to the
elements of the sub-circuit to be very fast and rugged.
In the same way this package allows extraction of
the worst case parameters because it also takes
into account manufacturing tolerances.

2. SGS-THOMSON SPICE MODEL OF POWER
MOSFET

Figure 1 illustrates the components of the sub- circuit
model. A Spice MOSFET model is the main switching
element in the circuit. The other elements take into
account the stray inductances due to the wires (L,
Ly Lg), the poly-silicon gate resistance (R;), the
resistance due both to silicon and to bonding (R,
Ry), the body-drain capacitance modulation (DBD)
and the leakage current when the device is in
breakdown.

Two points need a more detailed explanation:

a) the additional voltage dependent series drain
resistance (R, E) is used in order to model the
extra resistance of the epitaxial layer and
substrate due to the depletion modulation of
body-drain junction by the drain-source voltage
and not accounted for in the ideal MOSFET
model;

b) the high non-linearity of the gate-drain
capacitance is typical of a MOS structure
switching from being strongly inverted to the
accumulation state. The only difference is due

1/6
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Figure 1. Sub-circuit SPICE model for Power
MOSFET

to the fact that modulation of the depletion zone
is caused not only by the voltage but also by
lateral injection of the charge coming from the
channel. This behaviour has been modelled by
making the drain-gate and gate-source
capacitances of the ideal MOSFET negligible
by setting to zero the length of the overlapping
regions between the gate and the other two
elements.

These capacitances have been replaced by a
constant gate-source capacitance, Cgs, and a two-
element gate-drain capacitance, Cgp. Figure 2 shows
an experimental CV diagram and its simulation
obtained by the model described above. When the
drain-gate voltage is positive, i.e. V(a) - V(b) > 0,
then the leg containing the diode DD is activated
and Cgp is modelled by the diode depletion
capacitance. The insertion of a capacitance, C,, in
parallel with this diode gives not only a better fitting
of Cgp for high values of drain- source voltages but
also improves the simulation for low values of Vps.
When the drain-gate voltage is negative the Cgp
capacitance is modelled disabling this leg and
activating the other one.

26 L5, Ses-THorson

Figure 2. C,;c modelling
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3.COSMOS: ANANALYTICAL SIMULATORFOR
POWER MOSFET

COSMOS was born as a tool to optimise the Power
MOSFET design. It is becoming more and more
difficult to do this because of increasing demands of
users to improve performance and of the large
number of variables involved which interact with
each other.

This software package provides some tools to match
the mostimportant device characteristics (R,,, BVpss,
Capacitances, V,,, Gate-charge etc.) with the
demands made and the netlist and the model
parameters (average value and worst case) for the
SPICE sub-circuit.

3.1 Program structure

The schematic is shown in figure 3. The statistical
data for manufacturing processes and device design
(figure 4) collected in a data base are processed by
the analytical models of COSMOS which performs
various analyses.

3.1.1 Sensitivity Analysis

This option allows the evaluation of the influence of
asingle layout or process parameter on the desired
characteristic of the device (e.g. Ron, BVpss: Ciss-
Coss Crssr gate-charge, etc.).

3.1.2 Statistical Analysis

The statistical input data allows COSMOS to output
not only the average value of the required response
but also its statistical distribution. The average value
is also given divided into its various components to
make optimisation of the device easier. Figure 5
shows an example referred to R,, and figure 6 to
intrinsic capacitances.
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Figure 3. COSMOS structure

Figure 5. COSMOS outputs, R,, example:

a) Average values
b) Descriptive statistics
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3.1.3 Screening and Response Surfaces.

It is possible to screen between the most important
variables influencing the requested response (figure
7) and to obtain the response surfaces related to the
simultaneous variation of two or more input factors
(figure 8).

3.1.4 Spice Parameters Extraction -

This option, which is discussed in more detail later,
allows the extraction of the values of the elements of
the SPICE sub-circuit model.

3.2Models

The COSMOS models are derived from the classical
ones [1][2][3], but they have been improved taking
into account some effects that can not be disregarded
due to the most recent technology.

32.1R,,

The lateral depletion of the body, due to the built-in
voltage and to Vps, which leads to a reduction of the
region available for the current flow, now must be
considered not only for high voltage devices but
also for the low voltage ones. The increased packing
density makes this depletion significant with respect
to the dimensions of the bodies thus resulting in a
magpnification of the JFET effect. Moreover, the
extremely low values of R,, x Area in new High
Density devices requires that the model considers
not only the silicon contribution but also those due to
metallization.

Other effects such as the mobility variation caused

by surface scattering and electric fields [4][5] and
the influence of doping non-uniformity in the channel
[2] are also considered.

3.2.2BV,

In a power MOSFET both breakdown voltage and
R,, optimisation are directly related. They depend
on doping (N,) and epitaxial layer thickness (W,)
which act on BV and R, optimisation in opposite
ways. The problem is finding the pair, Ny, W,, that
minimise R,,at a fixed BVgs. The latter is computed
taking into account the body doping profile, the
eventual reach-through condition and the efficiency
of the edge termination employed. The graphics
tools of the program make this search for optimum
conditions easier: in fact we can obtain BV and R,,
maps (vs. Ng, W) and the Ny and W, level lines in a
BV-R,, coordinate system.

3.2.3Capacitance

The models of the intrinsic capacitances of a Power
MOSFET have been developed taking into account
not only the doping non-uniformity but also the
influence of the charge associated with the body
lateral depletion.

4. COSMOS AS SPICE PREPROCESSOR

The modern design of electronic devices means
that the mark must be hit with the first shot to minimise
costs in terms of time and money. This can be
achieved only by having a set of powerful simulators
that make sure that the manufacturing of the first
device is very close to the target. COSMOS, figure

Figure 8. COSMOS output - response surface

Figure 7. COSMOS output - screening example example
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9, is placed between the process simulator (e.g.
SUPREM, SUPRA) and the circuit simulator (e.g.
SPICE) allowing the device optimisation to match
the characteristics requested in the specific
application.

4.1 Generation of statistical distribution of
parameters and worst case extraction.

Starting from the distribution of the experimental
data of process variables and from the design
tolerances, the inherent speed of the analytical
method allows the production of a random and
statistically relevant set of input variables, using a
Box-Muller transformation [6].

This set in turn, is used to generate the distribution
of the desired output responses. This is possible
also for the parameters of the sub-circuit model for
SPICE. The MODEL cards related to typical values
and to worst cases are generated taking into account
the mean and the boundary values of the distributions
above discussed. A typical output file is shown in
appendix A.

CONCLUSION

The implementation of analytical models validated
by a 2-D numerical simulator [5] is a powerful tool for
studying device performance and optimisation.
COSMOS allows a very fast computation of the

Figure 9. Total CAD approach to Power MOSFET
design

Target Spec.
S LSO |

Process
SUPREM Simulation
Device
COSMOS Simulation
Circuit
[ssptication}—  SPICE Smataton

Product

influence of one or more parameters of the final
characteristics of the device. Moreover it gives the
average and worst case models for SPICE allowing
the device designer to have fast feedback thus
reducing the time needed for designing.
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APPENDIX A. TYPICAL SPICE OUTPUT FILE

* Sub-circuit for IRFZ20
.SUBCKT PWRMOS 123

ES
LG 24 0.7500E-08

LS 123 0.7500E-08
LD 6 1 0.4500E-08

*

RG 4 50.1000E+02
RS 912 0.4000E-02
RD 76 0.5017E-01

RJ 87 0.2071E-01

*
CGS590.1430E-09
CGD 7 10 0.5023E-09

®
CK1170.0000E+00

DGD 11 7 DGD

DBS 126 DBS

DBD 9 7 DBD

MOS 13599 MOS L=0.1800E-05 W=0.4593
*®

E110510101

E211510201

*

EJ813 POLY(2)6861200000.03
*

G10100751.0E-06
D1100 101 DID

D2 102100 DID
RI101 0 1.0E+06
R21020 1.0E+06

Ed
.ENDS PWRMOS

Models for IRFZ20

* % Kk *

*

MODEL MOS NMOS

%

LEVEL=3

TOX =0.8500E-07
VTO=3.134
PHI=0.821

NSUB =0.1150E+18
IS = 0.0000E+00

o+ 4+ o+ o+ o+
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+ JS =0.0000E+00
+ KAPPA =0.180

+ UO =491.335

+ THETA =0.020
.MODELDGD D

+ IS = 0.0000E+00
+ CJO =0.3980E-09
+ VJ =1.060

+ M=0.630
.MODELDBDD

+ IS =0.0000E+00
+ CJO =0.5I00E-09
+ VJ =0.670

+ M =0.380
.MODELDBSD

+ IS =0.1950E-I

+ BV =72.10

+ N=1.10

+ TT =0.1250E-07
+ RS =0.2275E-01
.MODELDIDD

+ IS = 0.2000E-11
+ RS =0.0000E+00
* - End Models -
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GATE CHARGE CHARACTERISTICS LEAD TO EASY DRIVE
DESIGN FOR POWER MOSFET CIRCUITS

ABSTRACT

The traditional method of specifying input
impedance for power MOSFETs is not
incorrect, but it is incomplete and often leads
to confusion when it is used as a design tool.
An alternative method is to use the gate
charge curve, which is directly related to the
total input impedance and allows a simple
evaluation of the drive energy and the
switching performance to be made.This paper
deals firstly with an analysis of the gate-charge
waveform which is related to the device
physics and develops an analytical
expression, which gives a very good

AN475/0492
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approximation of the total gate-charge.
Secondly, the influence of the electrical
parameters, both external to the device
(e.g. Ip, Vpp) and the internal ones
(Vin» 91s» Ciss» Cossr Crsse Cell density) are
analysed.The paper also highlights how it is
possible to extrapolate the actual dynamic
behaviour of the device easily from this curve.
Finally, an evaluation criterion is suggested
that allows a comparison to be made between
the actual performances, both static and
dynamic, of devices with similar nominal
characteristics.
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GATE CHARGE MEASUREMENT

During the switching of a POWER MOSFET,
the gate current has the typical behaviour of
current in an RC circuit, see figure 1. The
transient lasts for some tens of nanoseconds
or more, due essentially to the RC time
constant and the maximum current available
in the driving circuit. If the currentin the gate,
Ig, is constant and small enough, the switching
time can be increased to a level where the
voltage and the current waveforms are free
from the parasitic effects caused by the stray

Fig. 1 - 15, V4s waveforms

Voo

JT

inductances that are usually associated with
high frequency power switching. In this way
it is possible to isolate the influence of the
external factors and analyse only the internal
parameters. The test circuit and the related
waveforms are shown in figure 2.

GATE-CHARGE CURVE ANALYSIS

To get a better understanding of the
phenomena which occur during switching it
is useful to refer to the model of the POWER
MOSFET shown in figure 3b. The figure 3a
shows the cross section of a single cell
illustrating the parasitic capacitances. The
gate-charge waveform is strictly related to the
modulation of the gate-source equivalent
capacitances during switching. This is due
to the variation of the intrinsic capacitance of
the device with gate and/or drain voltage.
Figure 4 shows the load line and Cgs, ng
variation during each phase of switching.
Figure 5 shows a typical gate-charge curve:
the capacitances influencing the shape and
the length of each zone are marked.

T T
Ip: SA/p1v

\

Vos: IUV/DIV\ fg: constant

[

Vg 2V/mv/ \
INERSN

1T S us/oiv Q:

7 nC/p1v

Fig. 2 - Test circuit and related waveforms.
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Y

Fig. 3 - Cross section of a Power MOSFET cell and its electrical equivalent.
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Fig. 4 - Load line and capacitances modulation.
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Fig. 5 - Gate charge curve

In the first zone the equivalent capacitance is
nearly equal to C,, because V is constant
and the variation of V4 has no influence. The
charge supplied to the gate can be

approximated by the expression :
Q;=(Cy+Cy+Cs) -ng=Ciss 'ng
where ng is the gate to source voltage
required to just carry the desired | ; and it can
be easily deduced using the output
characteristic. In the horizontal zone the
equivalent capacitance seems to be infinite,
in fact Vgs remains constant though charge is
supplied to the gate. This phenomenon,
known as the Miller effect, is due to the
modulation of the capacitance ng by Ve
The waveform of this capacitance variation is
typical of a MOS structure switching from
being strongly inverted to the accumulation
status, see figure 6. )
The only difference is due to the fact that
modulation of the depletion zone is caused
not only by the voltage but also by lateral
injection of the charge coming from the
channel.

L &7 SO0
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Fig. 6 - G4 modulation

Looking at the drain voltage, figure 4 and
figure 5, a slope variation can be observed
occurring at a voltage, V,, physically
corresponding to the transition from a highly
charged P zone to simple depletion of the
MOSFET capacitor that exists between the
deep body cells. The first slope is related to
Cs = Cg the second to Cg, the polarity of
Vgq being so that C5 >> C4.  So the charge
supplied to the gate during the Miller effect
can be split into two parts:
Qp=Cs* (Vgg - Vi) = Crss = (Vg - Vi)
Q3 =Cg - (Vy-Vy(sar)

beingV, = ng + Vm-epy + Repy +lyand Vd(sat)
the voltage drain corresponding to the “knee”
of the output characteristic with V¢ = V.
The slope of the final part is associated with
the oxide capacitances. (Vy, oy, is the
threshold voltage of the MOSFET capacitor
existing between the P zone; Repy is the

resistance of the drain due to the epi). The
charge supplied during this phase is:

Q4=(C;+Cy+Cg)~ (Vg(max) - ng)
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Fig. 9 - Influence of cell density on gate charge.

EFFECTS OF THE PHYSICAL AND

ELECTRICAL PARAMETERS ON THE

GATE-CHARGE CURVE

The previous discussion has shown that the

total charge supplied to the gate is influenced

by several parameters, which are essentially:

a) electrical parameters (Vyq, lg)

b) structural parameters (cell density,
capacitances, Vy;,, )

The electrical parameters are imposed by the

external circuit and depend on the application;

the structural parameters are typical of the

Fig 10 - Comparison of gate charge curves of two
devices with different values of C ., g;;and
C

Iss’

rss*

device and can be adjusted during the device
design stage in order to optimise its
performance. Figure 8 shows the influence of
lq and V44 on the shape of the gate-charge
curve.

Figure 9 summarizes the effects of the
structural parameters: the gate-charge curves
of devices having the same static

characteristics (R yg(on), BV gss lg) @nd different

L5y $5S:THOMSON 58
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Fig. 11 - Gate charge curve of STP5N50.
Vgs = 2V/div, Vd = 100V/div,
Qg = 5nC/div.
Vg (V)
12 {
1071

N
| 09._tot

30 40  SU 6O
Qg(nC)

Fig. 13 - Driving energy and gate charge.

cell densities, are shown. Figure 10 shows the
influence of the capacitances and of the
transconductance on the same curve.

Use of the gate-charge curve

The gate-charge curve analysis is useful for
obtaining important information about device
switching characteristics. The following
example evaluates the switching time of the

Fig. 12 - STP5N50 turn-off. Vgs = 5V/div, Vd = 100V/
div, Id = 1A/div, t = 500ns/div, Rg = 180

Ohms.
08Gls/Og
-3

&
0.6} + N © 0.5 Mc/sql
+ 4.3 Mc/sal
0.4} B 2.2 Mclsql
o 280 Kc/sql
o2t °° o B X 720 Kelsql

a

0 P 2 A :
0 100 200 300 400 500 600
ovdss
Fig. 14 - Comparison of technologies.

Figure 11 and figure 12 show, respectively,
the gate charge curve and the turn-off of the
IRF832 measured under similar conditions of
lq and V44. Note that the horizontal axes of
the gate-charge graph are in nanocoulombs
Q= lg * t, lg=const.) while the vertical axes
are in volts. Referring to figure 5 and figure
11, the values of the single contribution to gate
charge are:

SGS-THOMSON STP5N50 as an example. Q= 5nC
8% ST
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02= 11 nC
Qy=13nC
Q,=18nC

During t,, Cgs is constant so this time is easy
to evaluate using the usual calculation for RC
circuits:

ty= Rg . Cgs . In(Vgs(tO)/Vgs(ta))
substituting:
Rgs = 180,
Cgs = dQ/dV = 18nC /4.7V = 3829pF,
Vgslty) = 10V, Vo (t,) = 5.3V
t, = 438ns.

From t, to t., |4 is constant and its value is
lg’= Vgm /Rgs = 29.4mA hence:

t, = Qq/ly = 442 ns

to = Qyfl; =374 ns
Duripg ty ng i§ constant and using the
previous expression :
ty=Ry* Cgs*In (Vgs(te)Vgsiny) = 96ns

Note Cy = Cigs

1/(Ron Qg)
1f

oo 3

[ o © 0.5 Mc/sqi

. + 1.3 Mc/sql
0.1} o * 2.2 Mclsqt

! o 280 Ke/sqi

% X 720 Kc/sqi

| X

o

01 . . A ;
0 100 200 300 400 500 600
BVvdss

Fig. 15 - Comparison of technologies.

Looking at figure 12 it is possible to see that
the calculated times are very close to the
measured ones.

The gate charge curve is also helpful because
it allows the driving energy to be calculated.
The area under the gate-charge curve
represents, in fact, the total amount of energy
needed to turn-on the device while
Vomax * Qg.tot 18 the total energy that the
driving circuit has to supply, see figure 13.
In order to obtain fast switching with low
driving energy and low energy dissipation
during the cross-over, the optimum device
should have low Og and high gy.. To obtain
low power dissipation during the on state, the
optimum device should have low R 4o,

It is useful to define two merit coefficients to
give a measure of device performance:

Ky = gfs/Qg Ky = (Rds(on) ) Qg)-1
Devices having analogous nominal
characteristics (BV 4, ly) but manufactured
using different technologies can be quickly
compared, see figure 14 and figure 15. Note
that the two coefficients are not dependent on
device die size because of their definition.
They both depend on switching features (Og)
but K is related to the saturation zone (gy,)
of the Power MOSFET out characteristics
whilst K, is related to the linear characteristic
(Ron)-

CONCLUSION

The gate charge curve supplies useful
information about the actual behaviour when
the device switches.  From the user’s point
of view, these curves allow the correct design
of the drive circuit and correct choice of the
device which best satisfies the design criteria.
The use of two merit coefficients allows a
quick comparison of devices having similar

o 7/8
ST s
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nominal characteristics but manufactured
using different technologies.
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AN INTRODUCTION TO IGBTS

INTRODUCTION

In the low and medium power range, Bipolar
Junction Transistors (BJTs) have up to now
been the most commonly used power semi-
conductors, and they still hold a large part of
the market, despite some limitations due in
part to the current drive (which can be un-
economic in terms of the number of
components and the dimensions of the
resulting circuits), and also the fact that
minority carrier conduction places a limit on
the maximum frequency of use.

The introduction of Power MOSFET (Metal
Oxide Semiconductor Field Effect Transistor)
devices allowed much simpler voltage drives
to be used, and made operation at much
higher frequencies possible, as conduction
occurs with majority carriers. The use of this
device has grown rapidly in low voltage

AN521/1293

by M. Melito, A. Galluzzo

applications, but the dissipation
characteristics in conduction have limited its
use in high voltage.

IGBTs (Insulated Gate Bipolar Transistors)
are a newer class of high voltage devices
which combine the simplicity of drive of the
MOS structure with the ability to handle high
values of current typical of a bipolar device.

This paper includes a brief description of the
structure and the physics of the device,
followed by an analysis of the principal static
and dynamic characteristics. Aspects of the
device which must be considered to obtain
maximum performance are also discussed,
in particular the robustness in forward bias,
reverse bias and short circuit, and the
influence of gate polarisation.

19
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1 IGBT STRUCTURE

The IGBT is a natural evolution of the vertical
Power MOSFET for high current, high voltage
applications. It eliminates the main
disadvantage of current high voltage Power
MOSFETSs, which is the high value of Ros on)
caused by the high resistivity of the
source-drain path necessary to obtain a high
breakdown voltage BV ,s¢. The lower Vg
which can be obtained with IGBTs allows
operation with a current density much higher
than that which can be achieved with bipolar
devices; alternatively, under the same
conditions, the VCE(sal) of the IGBT is lower.

The vertical section shown in figure 1
together with the equivalent circuit shows

Figure 1: IGBT Basic Structure

that the structure of the IGBT is very similar
to that of a Power MOSFET. The
fundamental difference is in the addition of
a p* type substrate. In this way a junction is
created with the n- area of the collector;
such a junction injects holes into the n- area
during conduction, modulating the
resistance and significantly reducing the
VCE(SED of the device.

When the device is blocked there is no
injection of holes and consequent modulation
of resistance, and so the breakdown voltage
of the IGBT depends only on the doping and
the thickness of the n- region.

GATE
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2 STATIC CHARACTERISTICS

The IGBT can be modelled, as a first
approximation, as a pnp transistor driven by
a Power MOSFET. Figure 2 shows only the
elements of the structure necessary for the
understanding of the operation of the device;
ignoring, for the moment, the parasitic
elements. The output characteristics of the
IGBT are shown in figure 3, and it can be
seen that they are very similar to those of a
Darlington type bipolar device.

2/9

57

82

SGS-THONISON
MICROELECTRONICS

2.1 Temperature dependence

As the IGBT structure includes both a bipolar
and a Power MOSFET, its temperature
characteristics depend on the net effect of
the two components, which have contrasting
properties. The Power MOSFET has a
positive temperature coefficient, while that
of the bipolar is negative. Figure 4 shows
the change in VCE(sat) as a function of the
collector current for two different values of
junction temperature.
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Figures : 2,3 & 4

Figure 2: Simplified equivalent circuit
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Figure 3: Output characteristics cEW
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Figure 4: Vcgsay as a function of collector voltage

3 DYNAMIC CHARACTERISTICS

The equivalent circuit of the input of the
IGBT is of a MOSFET type and so is purely
capacitive. This allows the use of voltage
drive which means that it is possible to have
a less complex circuit with lower power
consumption than that required by a bipolar
device.

3.1 Gate Polarisation Voltage and Drive
Resistance

The gate drive voltage generally adopted is
15V both to obtain a saturation voltage large
enough to have negligible conduction losses,
and because the information provided in
data sheets refers to such a value which
has almost become a standard. In some
circuit configurations, for example the half
bridge shown in figure 5, the increased value
of dV/dt generated by the turn off of one of
the devices can cause the accidental turn
on of the other. A high value of dV/dt applied
between the collector and the emitter can
cause, due to the collector-gate capacitance

Figure 5: Half Bridge circuit

4
\

ComsH Y

J_Gnd

L)

“
I
]

(C,.s) and the impedance of the drive circuit
(Rg, C,.s)» the turn on of the device at high
currents and voltages. Such undesirable
behaviour is not generally destructive, but

can cause large power dissipation. To
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prevent this problem arising the MOSFET
should be driven with a negative offset
(typically 5V is sufficient) and with the lowest
drive impedance possible compatible with

Figure 6: Effect of dV/dt

the demands of the RBSOA (which will be
discussed later). Figure 6 shows waveforms
demonstrating the effect of dV/dt, along with
the relevant equivalent circuit.

I=Ccg = dV/dt

dv/dt
.,

dv/dt

Wv/\ahm_,_r |

w4

3.2 Turn on

The turn on behaviour of the IGBT is identical
to that of the Power MOSFET, and the turn
on time is a function of the output impedance
of the drive circuit and the applied gate
voltage. It is possible to control the turn on

Figure 7: Turn-on with inductive load

speed of the device by choosing an
appropriate value of gate resistance. Figure
7 shows waveforms for the switching of an
inductive load, and the equivalent circuit.
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Figure 8 shows the variation of the current
gradient with the value of the gate resistance
for a typical device.

Figure 8: dl/dt as a function of drive

Turn on losses can be calculated using the
following relationship:

E,, =0.5 #V g #(lg + lIg)2«(dl/dt)
This is shown graphically in figure 9.

Figure 9: Calculation of energy dissipated

resistance in turn on of inductive load
300 di/dt (A/us) /‘_T_
250 N ; Vce =400V || / Irm lc
200 Vge=15V |—
\ Tc=100°C | | /
150 : Vee| dldt /
100 Ic
.50 /

0 20 40 60 80 100 120
Rg (ohm)

F Vee

3.3 Turn off

The turn off behaviour has typical
characteristics of both Power MOSFET and
BJT devices. The turn off waveform shown
in figure 10 shows distinct phases.

Figure 10: Turn off with inductive load

ek
/
/

&, 358, THoMSON

During the first phase, the gate voltage de-
creases to a value at which the Miller effect
begins and the V. starts to increase. In the
second phase the gate voltage remains
constant because of the modulation of the
collector-gate capacitor by V.. which
continues to increase to its maximum value
at a rate controlled by the drive circuit. The
third phase, which defines t_, can be
divided, with respect to the collector current,
into two parts: the first, very fast and due to
the turn off of the MOSFET part of the
device; the second slower and caused by
the recombination of the minority carriers
that cannot be extracted from the base of
the pnp bipolar section which is already
open. The length of this “tail” depends
essentially on the lifetime of these carriers.

5/9
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Figure 11 shows that the energy dissipated
at turn off can be considered as being due
the result of two elements: the first is tied to
the speed at which the collector voltage
reaches its maximum voltage; the second
to the duration of the tail of the collector
current.

Figure 11: Calculation of energy
dissipated in turn-off of inductive load

Figure 12: dV/dt as a function of drive
resistance

dV /dt (V / uS)
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Figure 13: | as a function of Ic
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Ei= 0.5 =(lg =t, + 1, *t,) *V,
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Figure 14: Il as a function of clamp voltage

cc
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A . . 4
To minimise this energy, at a fixed I, V. 35
and temperature it is only possible to affect 3
t,. This parameter can be controlled via the 25 =
gate resistor. The contribution of the tail, 2 Te=100°C |
related to the value of |, and to its duration, 15 — le=10 A |
depends strongly on the junction temperature 1 Rg =100 ohmj
and on the values of | and V,,. Figures 12- 05 ) ‘ 1 Vge=15V j
15 show, fora typical device, the variatjoq in 00 100 200 300 400 500
dV/dt as a function of R , and the variation Veo (V)
of I, as a function of |, %/D and Tg. o
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Figure 15: lia1 as a function of temperature
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3.4 Maximum Operating Frequency

The dissipation of power during switching
limits the maximum operating frequency of
electronic switches. The junction
temperature during normal operation
depends on the amount of power dissipated
from the device and on the efficiency of the
cooling system:

T=T

j ambien

+ Py * Ry

The more efficient the heatsink on which the
device is mounted, the lower the case
temperature, the greater the temperature
difference allowed between case and
junction, and therefore the greater the power
that can be dissipated. T, should be main-
tained as low as possible with the smallest
size, and hence cost, of heatsink possible.
In practice it is acceptable to have, with a
switchable power of 10kW, a maximum
power of 10W dissipated in the device.

The total power dissipated in the device is:

Ps = lay*Eo+ Payg *R) x5+ (Ey i+ B+t

lavy = Mean Current

I(RMS) = Effective Current

8  =Duty Cycle

R = Differential Resistance
f = frequency

This formula was used to calculate the
continuous power dissipation in the
approximation of the output characteristics
shown in figure 16. Figure 17 shows the
variation of switchable power with switching
frequency, with the device held a constant
voltage and the current adjusted such that
the power dissipated by the device remains
constant at 10W.

Figure 16: Approximation of output

characteristics
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39
e /1 1Ry
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o
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Figure 17: Switchable power at constant
dissipated power
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4 SAFE OPERATING AREA

A power device must have a safe operating
area large enough in terms of switchable
current and voltage and also to allow it to
survive in anomalous conditions, for example
short circuit, for a long enough time to allow
protection circuits to take action. Typically
the curves describing robustness in forward
conduction (Forward Bias Safe Operating
Area, FBSOA), in reverse (Reverse Bias
Safe Operating Area, RBSOA), and in short
circuit are available.

4.1 FBSOA

The forward conduction robustness charac-
teristics of the IGBT are more similar to
those of the Darlington than to those of a
Power MOSFET. The FBSOA graph shown
in figure 18 shows a variation in the
gradient, which depends on an effect known
as secondary breakdown which does not
occur in the Power MOSFET.

Figure 18: FBSOA

1000

4.2 RBSOA

In the equivalent circuit of the IGBT shown
in figure 1 shows the presence of a parasitic

88 457 S6s-THowson

npn transistor. This transistor, together with the
pnp, forms an SCR, which in certain conditions
can trigger. When this occurs, the device can
no longer be controlled via the gate. The latest
IGBTs do not exhibit this type of behaviour,
since with appropriate modifications to the
structure and the process the triggering of this
parasitic SCR can be made to occur at a
current much higher than that encountered in
normal operation (typically I, > 5 =1 . ).
Figures 19 and 20 showthe  variationin latch
current as a function of junction temperature
and gate resistance respectively.

Figure 19:  liaeh as a function of junction
temperature
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Figure 20: liach as a function of drive
resistance
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140 TS (A)
120 Vce =400V
100 Tc=100°C
80 Vge=15V
60
40
20
0
0 20 40 60 80 100 120
Rg (ohm)

MICROELECTRONICS

88



APPLICATION NOTE

4.3 Short Circuit Robustness

This is measured by turning on the device at
the supply voltage and measuring the
maximum time during which the drive circuit
can control the device under test. Figure 21

Figures : 21 and 22

shows the shape of the waveform and
figure 22 the off time for three devices with
equivalent characteristics but manufactured
using different technologies.

| 20 tw (us)
Nk 7 .
1 :
tw L o 15------___-_______-__:_________X _________
o A
v ° .
ge 10--_-__-__-; ----------------- DA —
A %
v & Ve =380V
5t-------- D Te=125°C |-+
Vce Vge =15V
Ic 0 + + +
#1 #2 #3
Figure 21: Short circuit test Figure 22: Off time for different technologies

5 FUTURE DEVELOPMENTS

The particular structure of the IGBT means
that the turn off of the device is controlled by
the turn off of the pnp bipolar which, in
practice, turns off with an open base. For
this reason the switching can only end after
the recombination of the excess minority
carriers in the base region of the pnp, which
therefore dominate the turn off behaviour.

To increase the speed of the turn off
characteristics of the device requires the
adoption of techniques to reduce the
minority carrier lifetime, through which the
t, Of the IGBT can be reduced to a time in
the order of hundreds of nanoseconds.

The technique involves doping the device
with gold or platinum, irradiation with
electrons, or bombardment with heavy ions.

Changes can also be made at the structural
level, for example the introduction of a
buried n+ type layer, see figure 1, between
the base and emitter of the pnp. This results
in both an increase in the turn off speed,
and an improvement in the robustness due
to the decrease in the gain of the parasitic
transistors. The optimisation of the above
technique allows the best compromise
between the conflicting demands of speed,
current handling capability and robustness,
eliminating the inconveniences of first
generation IGBTs.

The latest generation IGBTs are at least
twice as fast as the first, and the RBSOA is
rectangular.

G, SES-THmIson oo
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HOW SHORT CIRCUIT CAPABILITIES GOVERN THE
DESIRED CHARACTERISTICS OF IGBTs

ABSTRACT.

Short circuit tolerance of IGBTs can be
obtained by the optimization of both the
protection circuit and the intrinsic ruggedness
of devices.

This note discusses application design criteria
and IGBT characteristics compared to the
intrinsic short circuit ruggedness.

1.0 INTRODUCTION.

The continuous growth of IGBT applications
requires more differentiation of device
electrical characteristics. In fact, the structure
of IGBTs makes them flexible to use and their

AN478/0492

by C.G. Aniceto, R. Letor

switching performance can be specifically
matched to many different applications.

For the best match between application
requirements and IGBT characteristics, some
compromise between the saturation voltage,
switching speed and ruggedness is
necessary.

To define the suitable IGBT short circuit
ruggedness specification, this note analyzes
the parameters influencing their behaviour
during short circuit operation, and verifies
the performance of the more usual short
circuit protection compared to IGBT short

1/9
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circuit ruggedness.

Itis also shown that modification of the IGBT
structure improves the short circuit
performance without compromising the
saturation voltage and switching speed.

2.0 SHORT CIRCUIT OPERATION OF
IGBTs.

Static and dynamic characteristics are not
sufficient to predict the short circuit behaviour
of IGBTs. Also, dynamic phenomena
correlated to stray parameters and to the short
circuits circumstances must be carefully
considered.

2.1 SHORT CIRCUIT MODES AND
WAVEFORWMS.

Real short circuit mode can be simulated
using the test circuits “A” and “B” illustrated
respectively in figure 1 and figure 5.

TEST CIRCUIT “A”: The device is turned on
when the collector is directly connected to

LssHorT
ARRRIN Vee

CURRENT | _
PROBE
tw c
7 Rg
| o~ L puT
Vo ' 'j
Jle ke \

2%

Fig.1. Testcircuit"A"Lgpopr=41H, Lgrray=150nH.

2 57 B
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the supply voltage and the short circuit
inductance can be changed.This circuit
simulates either a short circuit in one leg
of a bridge circuit, or a permanent short
circuit of the load [4].
The waveforms of figure 2 show the behaviour
in the test circuit “A” when all the stray
parameters are reduced to a minimal value.
The effect of a significant short circuit
inductance is shown in figure 4. The
inductance, the reverse capacitance “CRg”,
the gate capacitance “Cg", Rg, together with
the IGBT amplification, constitute a resonant
R,L,C circuit as shown in figure 3. Hence
di/dt at turn-on generates a very high peak
current due to a gate voltage overshoot.

TEST CIRCUIT “B”: The short circuit is
actived during the on-state. In this case a
dV/dt is applied to the collector when the
gate voltage is high and the device is in
full conduction. This condition simulates
accidental short circuit of the load during
normal operation [4].

T
J ch-toomlv
L c*1004/div

\\<~

\
2 N \ Va= 10V/dlv |

tw Vp® 10V/div
4 r~

Fig.2. Short circuit test with short circuit
inductance = Lgrray- Time scale: 2ps/div.
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-I Vce
LsHoRT

=
CRs

i=lvg- VTH)ng

b

1

Fig. 3. Simplified equivalent circuit of the short
circuit condition.

DELAY—O'_‘\

R .~

H V: lVle D.U.T. B

Fig. 5. Test circuit “B". Short during saturation.

The waveforms of figure 6 show the effect of
the dV/dt in the test circuit “B". The dV/dt
acting trough reverse capacitance causes the
gate voltage to rise over the driving voltage
[6]. A peak current much higher than short
circuit current is generated.

2.2 SHORT CIRCUIT STRESSES.

The failure of IGBTs during short circuit
condition occurs either with static latch or with
dynamic latch of the parasitic SCR of the
structure (figure 14) [2]:

T T
'AVCE - lODIVIdIv
!
PEAK CURRENT
- |

1
‘L Ic'lﬂﬂ A/dlv
s .
: -

. 1
—GATE OVERSHOOT ——]

\ Vg 10V/div

[T ]

Il i ]

i

jes

|

w
g

Fig. 4. Short circuit test with short circuit

inductance = L. Time scale = 2ps/div.

R

Vege 100V/div \/ i i L——--
/-VPE,AT( CURRENT

L
Ll 100A7dv /, | L

| ~4— GATE OVERVOLTAGE

\

dv/dt

<

4 T
-/ VG' 10V/div,
L .

Y

Fig. 6. Effect of the dV/dt when the short circuit
occurs during IGBT full conduction.
t = 2us/div.

- Staticlatchis due to the high currentdensity.
- Dynamic latching is due to the high dV/dt
at turn-off.

The influence of the temperature is critical
because the latching current decreases when
temperature increases. Moreover, during
short circuit there is a very fast temperature
rise due to the very high energy increase
dissipated in the device.

For this, gate vdltage overshoot must be
avoided and thé short circuit current must be
reduced as much possible. In fact:

L5y $53;HOMSON 39
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During overshoot, the collector current
(ic = 9rs (vg - Vqy)) can reach the static
latching current, especially if the
transconductance of the device is high.

At turn-off the junction temperature is higher
than at turn-on, so the dV/dt due to the stray
inductance “Lsg” can cause a dynamic latch-
up.

Moreover, the stray inductance “Ls¢" creates
an overvoltage at turn-off (see figures 2,4,6)
due to the di/dt. If the di/dt at turn-off is not
controlled by a suitable gate resistance the
overvoltage can reach breakdown causing
device failure.

2.3 PARAMETERS INFLUENCING SHORT
CIRCUIT BEHAVIOUR (figure 7).

The main parameters influencing static and

dynamic short circuit behaviour are:

- Transconductance ggg, Cg, Crg (Device
parameters)

- Driving voltage Vp, Rg (Driving circuit)

BT
)
- LSC
LS short 2
Ea LSC
<; Lsc
g_‘_.!
I
LN S
E
.l'I.)VD
& ' rj Lsg
© o)

Fig. 7. Circuit parameters influencing short circuit
current of the IGBTs.
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- Lsg, Lsg (Stray inductance of lay-out and
of capacitance)

- LsgyorT 9Vge/dt, Ve (Short circuit

conditions)

The stray inductances Lsg (emitter-ground)
and Lsg (gate-drive) mainly influence di/dt at
turn-on, but they are not critical for usual circuit
lay-out and must be carefully considered, only
when devices are paralleled [8].
Transconductance ggg is the most critical
parameter. In fact, a high value of ggg can
generate very high continuous short circuit
current and very high peak current during
transient.

2.4 SHORT CIRCUIT CAPABILITY
CHARACTERIZATION.

In order to make test conditions as
reproducible as possible, the short circuit
capability characterization was implemented
using test circuit “A” with stray inductances
reduced to minimum value.

tyw MAX(us) Ic/| NOM

12 12
10t 10
81 8
ol _Isrormoimourn
4+ 14
ol Te=126C . 2
Vce = 2/3 BV,
e o m W w5 R

GATE VOLTAGE(V)

Fig. 8.Short circuit performance versus gate bias
of IGBTs having a high transconductance.
Maximum current overshoot < 20%

ISHORT GIRCUIT-
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rer 15V

Fig. 9. Short circuit protection with high false alarm
immunity.

Short circuit capability is expressed in terms
of:
- MAX SHORT CIRCUIT TIME (t, as
defined in figure 2)
- SHORT CIRCUIT CURRENT & PEAK
CURRENT (Isji0rT: lpeAK)
Versus: - Vg, Rg, Te, Ve
Figure 8 shows a characterization example
of a IGBT having a high value of the
transconductance. For Vg > 13V the device
fails at turn-on due to static latch-up.

3.0 SHORT CIRCUIT PROTECTION.

To ensure short circuit tolerance of a power
control system and of its output power
switches, the following problems must be
carefully considered:

1 - Limitation of the short circuit current.

2 - Limitation of short circuit protection delay.
3 - Nuisance tripping creating false alarm.
3.1 DESCRIPTION OF THE PROTECTION
CIRCUIT.

The figure 9 shows the schematic diagram
of a protection circuit using the IGBT

N T T
= L VeE
:r 1 ; T l ’JL .
fi) L
’I | L lc
L - 1
1 T
!, Er Vb
: g T
L\ [V delay 2
o s
s [ aens
A =
:/rl/-—f 1 | delay 1
! : ' [ v,
I bl “

Fig. 10. Timing diagram of the protection circuit at
turn-on and during overcurrent condition.

saturation voltage for sensing. Sensing
resistors or current transformers can also be
employed without significant changes.
The zener diode limits the gate voltage during
a short circuit condition so limiting short circuit
current.
Delay 1 and delay 2 realized with a R, C filter
and Schmitt trigger avoid activation of the
protection circuit in case of false short circuit
conditions. Delay 1 must filter transitory
phenomena at IGBT turn-on, delay 2 gives
noise immunity to the circuit.

The diode “D2” clamps gate voltage

overshoots due to dV/dt.When a short circuit

is detected the IGBT is turned off by its gate
resistor in order to limit dV/dt and collector
overvoltages.

The timing diagram in figure 10 shows the

working mode of the circuit at turn-on and with

an overcurrent condition during operation:

- Atturn-on, the input 1 of the “AND” becomes
high (INy gy = 8V) after delay 1; If IGBT
saturation was not detected
(IN_ow = 2V) during delay 1 the driving
circuit input taken low.

“THOR 5/9
ST e o
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Vce*"

| —
=

2

2\

Vg1 tovrdiv

Fig. 11. Short circuit protection waveforms in the
test condition “B”. IGBT is TSG50N50DV.
Time scale: 2us/div.

- When, during normal operation, there is a
overcurrent condition, the IGBT saturation
voltage reaches reference voltage “Vpgr”
and the comparator activate the zener and
the delay 2. If the oveércurrent condition
continues after delay 2, then the driver
input is pulled down and the IGBT is
turned-off.

This circuit works as a monostable
multivibrator with positive edge triggering, but
the IGBT is “ON” only if V,\ is high, so the
noise immunity is assured. If a overcurrent or
a short circuit condition were detected, it is
necessary to take V) to the low.

3.2 PERFORMANCE OF THE PROTECTION
CIRCUIT.

When the short circuit exists at turn-on (test
circuit "A"), test conditions of the charac-
terization are respected.

The performances of the circuit can be criti-
cal when the short circuit occurs during nor-
mal working conditions and the devices is in
full saturation. Figure 11 shows that a signifi-
cant current overshoot stresses the IGBT
(TSG50N50DV) under this short circuit

6/9
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ST R

Vce*

Va1 10v/div

Fig. 12. Short circuit waveforms without voltage
reduction of a IGBT having low
transconductance compared to waveforms
of figure 11 in dotted lines. t = 2us/div.

condition even if the protection works
correctly.
In fact the protection circuit needs a delay to
pull the'gate voltage to a safe value. This delay
depends on the saturation voltage detection
time and on the discharge time of the IGBT
input capacitance. The discharge time can be
significant due to the Miller effect during
collector voltage rise. Moreover a high value
of ggg can induce a very sharp rise of the
1 current during delay.
To avoid this phenomenon, IGBTs with a
lower value of saturation current and
ltransconductance should be employed. In
 fact, if the short circuit current is limited by the
I device itself, then it is not necessary to reduce
the gate voltage during short circuit time.
Figure 12 shows collector current and gate
voltage waveforms of an IGBT having
.Iow saturation current (Igsat = 3 * Inowm
@ Vg = 15V) subjected to the same short
_ circuit condition shown in figure 11 and without
I any gate voltage reduction, compared to the
TSG50N50DV with high' transconductance and
gate voltage reduction during short circuit
(same waveforms of figure 11 in dotted lines).
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"WITHOUT GA m\r\\
WITH GAT CLAMP_>/¥ \
_\

K Ig* 00AYdiv

\ Vg*| 10VAdiv

Fig. 13. Gate voltage and collector current with and
without gate voltage clamping. t = 2us/div.

If the gate voltage reduction is eliminated a
fast clamping circuit is necessary. Figure 13
shows a comparison of the gate voltage and
collector current waveforms with and without
gate clamging voltage. This diode also limits
gate voltage overshoots in the short circuit
condition.

3.3 SHORT CIRCUIT SPECIFICATION OF
IGBTSs.

The criteria for providing short circuit
protection to match the reliability of the more
usual protection circuits are:

- ty > 5ps (delay to avoid false allarm)
- lcsat < 3 * Iyom (to ensure safe turn-off)

- T,=125°C (working temperature)
5us is the time necessary to ensure full
saturation of IGBTSs.

To give sufficient margin for safe operation
ty = 10pus.

4.0 DESIGN OF AN IGBT UNDER SHORT
CIRCUIT CONDITIONS

The intrinsic short circuit ruggedness of IGBTSs
was improved by a optimization of the device
structure aimed at obtaining a suitable value
of the saturation current ("I, @ V=15V,
Tj=150°C).

Fig. 14. Cross section of IGBT structure and
simplified equivalent circuit.

Parameters influencing transconductance and
lcsat Ugsat = 9rs * (Vg-Vy) saturation current
also affect saturation voltage “Vegey” [2] @s
shown by (1) and (2).

L _E‘LSQ,OL E (Va-Vir) (1)
(-epnp) 2 Lg

Icsat =

Ve - KT {M@gh_ .
2qWRZD niF(dIL,)

__(1- opppllele @)
IJ'nsCon(VG'VTH)

Where “Ls" is the channel lengh, “Z” is the
channel perimeter, “COX" is the oxide
capacitance (C, = € S/t,).

Icsat €a@n be limited both by reducing the gain
of the PNP transistor (o p) @and by acting on
the MOSFET characteristics (L, Z, C,).
“apyp” influence both the PN junction
threshold (first term of equation (2)) and the
second term. For this reason only the
MOSFET characteristics were optimized, so
gaining advantages both in dynamic
performances (Cgq reduction) and in thermal
stability [8].

+
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PNP gain effect

P

MOS structure effect

VcE sat (V) Ic/1 NOM.

4.5 18
af S e 116
3.5f {14
3r 112
2.5F 110
2. R e e e e = .8
15F - - R~ 16
11 SATURATION CURRENT*" 1
0.5 ————————————9
012 3 465 6 7 8 911113

t WMAX (us)

Fig. 15. Trade-off between saturation voltage and
the short circuit ruggedness expressed as
MAXt, and saturationcurrent@ Vg =15V.

To reduce the saturation current by 70%,
channel lengh (L) and oxide thickness 't,,”
were increased by 40%. This gives the best
compromise between short circuit
performances and saturation voltage as figure
15 and 16 show.

The lefthand side of figure 15 shows the effect
of the PNP gain reduction due to life time
reduction processes.

5.0 CONCLUSION.

The analysis of parameters influencing short
circuit operation of IGBTs has led to the
design of a suitable protection circuit, even
for devices having modest short circuit
performance.

This solution allows the use of IGBTs with very
low saturation voltage.

However, an additional very fast circuit that
reduces gate voltage during short circuit is
necessary. During the delay of this circuit the
dV/dt due to the IGBT desaturation can cuase
a dangerous peak current. IGBTs having low
transconductance can solve this problem.
Deacreasing transconductance of a IGBT

- n
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" HIGH Igsat

20

Fig. 16. Comparison of two IGBT output
characteristics, with low Igsat (Icsat=3*Inom)
“and HIGH Iggat (10 * Inom) @ Vg = 15V.

causes saturation voltage to increase. The
optimization of the IGBT structure allowed the
realization of an IGBT with sufficient short
circuit capability (t,, MAX = 10 ps), and with
avalue of Vo, that is 20% higher than the
Vcesat of a IGBT having ty, MAX = 1ps. This
IGBT requires a simplified short circuit
protection network and it does not
compromise the efficiency or the short circuit
ruggedness of the system.
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SAFE BEHAVIOUR OF IGBTs
SUBJECTED TO dV/dt

ABSTRACT

When an IGBT in the off state is subjected to
ahighdV/dt, parasiticturn-on can occurleading
to additional losses. -

This paper describes the phenomenon and
indicates the main parameters influencing this
behaviour.

Several methods of suppressing this parasitic
phenomenon are described.

Using a suitable design of gate drive, it is
possible to increase the circuit reliability in all
conditions.

Practical examples and measurements are
given.

AN476/0492

by R. Letor, M. Melito

INTRODUCTION

The behaviour of IGBTs subjected to a dV/dt
differs according to the working conditions.
We can consider two distinct cases:

- static dV/dt

The static condition occurs when the dV/dt
applied to an IGBT in the off state, acting
throughthe reverse capacitance Cy = G, ,
causes the gate voltage to rise turning the
device on. This behaviour is typical of a
circuitin bridge configuration, where the dV/
dtisgeneratedduring complementary switch
turn-on. This undesired effect generates

1/9
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additional losses, mostly in devices in the
off-state, due to the presence of both high
voltage and high current on the collector.
Parasitic turn-on must be avoided and this
can be prevented by modifying the design of
the drive circuit.
- dynamic dV/dt

In this condition the dV/dt is applied to an
IGBT during the recombination of minority
carriers in the substrate and a peak current
appears during the collector voltage rise
time even if the gate and the emitter are in
short circuit. The dynamic condition can
occur when the IGBT works in thyristor
mode, typically in aquasiresonant converter
with a zero curent switch (QRC-ZCS). Inthis
casethe powerlossesdependon the device
structure and on the converter resonant
frequency. Thus, this phenomenon sets a
limit to the operating frequency.

1. SPURIOUS TURN-ON IN STATIC dV/dT
CONDITION.
1.1 Description of the Phenomenon.

The equivalentdiagram of fig.1 shows current
flow across the structure of an IGBT in the off-
state when a rising collector-emitter voltage is

applied.
The current through the reverse capacitance
Cgc ( Cgc << Cge = Crgs => i = Cq * dV/al),

charges the gate capacitance; in this way, the
gate voltage can reach the IGBT threshold
voltage and a conduction current appears.
Photo 1 showsthe waveformsduring a spurious
dV/dt turn-on giving prominence to the
simultaneous presence of high voltage and
high current.

If the output impedance of the drive source is
high this phenomenon occurs more easily

| = Ccg + dV/dt

dv/dt

Fig.1 -Current flow through IGBT capacitances
due to dV/dt

=

Photo 1 - Waveforms during a spurious turn-on
due to static dv/dt condition.
Gate voltage = 2V/div,
Drain Voltage = 200V/div,
Drain current = 2A/div.

Thus the main parameters influencing an
IGBT’s behaviour in static dV/dt condition are:

- device characteristics (Cyes, Cge» Vih Ore)
- temperature
- R, dV/dt value

because of the higher ratio between the ge’
reflected Vg, and the applied dV/dt. - gate bias
557 S5 :moson
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1.2 The influence of temperature.

When the temperature increases, IGBT
parameters vary as follows:

- transconductance at low current increases
- threshold voltage decreases

- turn-off time increases

As a consequence, when the temperature
increases the power losses due to dV/dt turn-
on increase and the phenomenon occurs at a
lower dV/dt value.

Photo 2 shows a comparison of the peak
current at Tj = 25°C and Ti = 100°C with the
same static dV/dt conditions.

1.3 The influence of dV/dt and R,

The effect of R, and dV/dt can be evaluated
with the simplified circuit in fig.2 but the
mathematical resolution is not easy because
ofthe influence of the voltageon C ,,and C
The behaviour of SGS-THOMSON’s IGBTs
were characterized by the test circuit in fig.3,
taking care to measure the energy dissipated
inthe devices at Tc=100°C E =dv(t) +i(t)dt.

The curvesin fig.4 show this measured energy
versus both R and a typical dV/dt.
Considering a single curve, dV/dt = constant,
it can be observed that it has a minimum
constant value for Ry lower than the “knee”
value.

In this region IGBT parasitic turn-on does not
occur and the absorbed energy only charges
the IGBT output capacitance.

1.4 The influence of gate bias.

Gate bias voltage influence was analyzed for
negative voltage (Vgg) using the test circuit in
fig. 3.

Figs.5 and 6 show that, when Vg = -5V
spurious turn-on does not occur even if the
value of the resistance connected to the gate
is high (180Q). Looking at the waveforms in
fig. 7 we can note two different effects on the
gate voltage due to the negative bias.The first
is obviously that the gate voltage is offset from
Vee and the second is that there is a different
gate voltage peak even if the applied dV/dt is
the same. This happens because of the
influence of gate voltage on Cge

Photo 3 shows the gate charge curve and
clearly demonstrates the variation of the slope

o0 C

Ccg = f(Veg)

G Rai
NN/
Cge = f(Vge) dvrdt
Rge "72_
Photo 2 - Comparison between the peak current
due to static dv/dt with Tc = 25°C and
Tc=100°C, ID = 2A/div, Vpy = 100V/div, p 0
Rg = 100 W, E@25°C = 226 mJ,
E@100°C = 1. 2m6 mJ Fig. 2 - Simplified input circuit.
57 SSETONEON
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HEEP S

Vee (100v/d1v) |/
‘dv/d il
7 v I = (5A/d1v)
Id

V\\1$\,~z-~\,—~

\\N \\
ENERGY
"y EANNNN \\\‘\‘
= I, (2000 VA/div)

1

Vee

Fig. 3 - Test circuit and related waveforms

Photo 3 - Gate charge. Curve Vge = 2V/div.
Vce = 100V/div

of the voltage occuring at vge=-2v. If Vge is
greater than this value then C g, = C; (input
capacitance, output short circuited) if Vge is
lower than this then Cge is about four times

Cies @nd reduces the gate voltage peak.

2. HOW TO AVOID PARASITIC dV/dt
TURN-ON.

The previous paragraph shows that it is
possible to avoid undesired turn-on during
dV/dt by:

4/9 ' ) -THOL
ST
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Energy(uJ) @ Tj=100°C
s00 | 8KV /s STGHBN100
400 | 4kV/ps  1kV/us
’ 300 |
200 | 2kV/us/ .5kV/us
100 |
o 20 4 0 100

0 60 8
Rge(ohm)

Fig. 4 - Energy dissipated versus Rge and dV/dt

a) connecting gate and emitter by a low turn-
off resistance

b) reducing dV/dt

c¢) biasing the gate, during the off state, with a
negative voltage

2.1 LOW Rge VALUE DURING THE OFF
PHASE.

Depending on the required performance, this
solution can be applied as follows:
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6Energy(mJ)
. A,Flge = 100 ohm
= 180 oh
. K)Rge ohm
3
2 STGH8N100
dV/dt = 8kV/us
! Tj = 100 C
00 1 2 3 4 5 6 7

Negative gate bias(V

Fig. 5 - Dissipated energy versus negative gate

bias and Rg,
{100 v/div
L dV/dt/
7
NN 2 v/div
Vor =LO \\.\‘_
Vee = - 5V 2 v/div
LI s =

Fig. 7 -Comparison of gate voltage behaviour with
and without negative bias

1) Rge is the gate turn-off resistance as shown
in fig.8a.

2) Ryeisconnected justafterturn-offas shown
in fig.8b.

The disadvantage of the driving circuit shown

in fig.8a is that this circuit does not guarantee

the full safe operating area (RBSOA) when

Rgsislessthan 100Q, forthe following reasons:

- thelatching currentdepends on dV/dtduring
turn-off

00 Energy(uJ)
Rge = 180 ohm

150 STGH20NS0 dV/dt = 8kV/us
Tj=100TC

100

STGP10N50
% \
]
s} 1 2 3 4 5 6

Negative gate bias(V)

Fig. 6 - Dissipated energy versus negative gate bias

- Ry strongly influences dV/dt at turn-off
- the RBSOA is guaranteed for Ry = 100Q

Fig.9 shows this behaviour and the diagramin
fig.10 shows thatthe maximum R ;. necessary
to avoid dV/dt problem is less than 100Q
Thus, the driving circuit of fig.9 is suitable for
applications where the full safe operating area
@ Rg = 100Q is not required.

The driving circuit of fig.8b turns-off the IGBT
with Rg = 100Q obtaining the full RBSOA but
the delay “d= ty,aq6 + tigy" for each must be
optimised for each application.

2.2 Reduction of dV/dt.

The spurious turn-on problem due to dV/dt is
typical of the circuit shown in fig.11; in this
circuit, the free-wheeling diode in the parallel
with the lower IGBT, which is in the off state, is
turned off during the upper IGBT turn-on and
a high dV/dt is generated.

Thus, dV/dt value depends on :

- complementary IGBT turn-on speed (dl/dt)
- free-wheeling diode “softness”
- wiring inductances

- v 5/9
ST A
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vV I.OA.DT

Rg (on)

Rg (of1)

o, < —© o—O0
(a) (b)
Fig. 8 - IGBT driving circuits
STGP10N50 I (ohm)
lc (A) .
140 200l | _ STGP1ONSO Tj = 100°C
20 Froreeees v reesansnisnans Voe =400 V| s /
100 Te. '..100 .cc e e eeeeeenn 150}
80 Voe.s 15.V..) ... STGH20N50
....... 100
STGH8N100
50| \
o} - + + + 0 I L N
0 20 40 80 80 100 120 o 2 8

Rg (ohm)

Fig. 9 - ljycn versus Ryqy

4 6
dv/dt (kV/ps)

Fig. 10 -Max Ry, values that avoid static dV/dt

turn-on versus dV/dt

DIODE CURRENT

e
ullaBals

IGBT CURRENT

Vece -

IRM | |

dv/dt DURING DIODE RECOVERY

Fig. 11 - Typical circuit where static dV/dt conduction can occur.
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Diode current recovery
during turn-off = 10A/div

Drain voltage and dv/dt
due to the diode turn off 200V/div.

Current due to spurious
turn-on with Rgs = 100 Q2A/div

Diode recovery = 5A/div.

Dv/dt due to diode turn-off 200V/div.

Current in the IGBT in off state 2A/div.

Photo 5 - Waveforms in the circuit of fig. 11 when Rgo

not occur.

and it can be minimized:

- using fast soft recovery diodes.

- reducing wiring length.

- turning on IGBTs slowly, with a high value of

turn-on gate resistance.

Photo 4 and 5 show that the dV/dt is reduced
to a safe value in the circuit of fig.11. Photo 4
uses a low value of turn-on gate resistance
whereas photo 5 uses a high value gate

spurious current
L

Ry e

=200Q. In this condition turn-on due the dv/dt does

resistance. In the case of photo 5 spurious
turn-on due to the dV/dt does not occur.

2.3drivingthe IGBT with anegative voltage.

Biasing the gate negatively, as shownin photo
6, causesahigherdV/dtduring turn offbecause
of the availability of a large gate current. ltis
possible to avoid this drawback, which reduces
the effective RBSOA, simply by increasing the
value of Ry -

- THOR ‘ 719
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3. DYNAMIC dV/dt.

This condition-may occur in a zero current
quasi resonant converter where the IGBT
works as a thyristor.

In this application, see fig. 12 and photo 6 the
IGBT is turned-off when the collector currentis
zero and the collector voltage starts to rise
after a delay time ty = (2 * foqonance) ™
corresponding to the end of the reverse
recovery phase of the antiparallel diode.
Thisincreasing voltage causesa currentspike,

IS

Fig. 12

leading to power losses because of the minority
carriers in the IGBT substrate. The amplitude
of the spike depends on several factors which
involve both IGBT and circuit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>