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PREFACE

In mid-1979, International Rectifier
introduced a new series of power MOSFETs
to industry that opened vast, new
opportunities for designers of any
equipment, system or power supply that
had, until that time, been limited by the
performance characteristics of bipolar
transistors.

International Rectifier's “HEXFET” technology,
so named because of a structure based on
thousands of hexagonal cells in densities

up to 500,000 per square inch, brought

the first MOSFETSs to the power range
capablé of matching the on-resistance of
bipolar transistors. For the first time,

the advantages of power MOSFETs could be
utilized without a sacrifice in efficiency.

This technological feat has sparked a
revolution in design, capitalizing on the
advantages of voltage control, extremely
high switching speeds, temperature stability
and the rugged physical characteristics of
power MOSFETs. There are few circuits
previously designed with bipolar transistors
that cannot now be designed with MOSFETs
to perform far better, in less space, with
fewer components, and without the complexity
of protective circuits required by the

bipolar counterparts.

Along with this contribution to technology,
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International Rectifier brought a commitment
to power MOSFETs that has made the
company today’s leader in the field.

A commitment to quality. A commitment to
production that enabled the company to ship
more power MOSFETSs in the 25-watt and
above range than all other power MOSFET
manufacturers in the world combined during
1980. A commitment to distribution that

has put yesterday’s laboratory achievement
onto Distributors shelves around the world.
Perhaps the most convincing proof of the
total commitment International Rectifier

has made is pictured below. This new
structure houses today’s largest state-

-

of-the-art, high technology facility

in the world devoted exclusively to power
MOSFET wafer fabrication. On stream now,

its initial production capacity is sufficient

to supply today's entire industry requirements
for power MOSFETS, and is expandable

to meet all demands to be experienced during
the evolution from bipolar transistors to

power MOSFETSs in the equipment of tomorrow.

This DATABOOK lists todays broadest line
of readily available power MOSFETs. More
types and packages will follow to make your
design job easier and your products better.

We're committed to that.
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Quality, Reliability, and the HEXFET

It is International Rectifier’s stated
objective to make the HEXFET the
most reliable semiconductor device
ever manufactured. In order to meet
this goal IR budgets approximately
$1,000,000 a year to measure, record
and improve the reliability of our
HEXFET.

HEXFET Quality Today

All lots are screened at outgoing
inspection to a 0.1% AQL. This cor-
responds roughly to a 1000 part per
million defect rate. The purpose of
screening HEXFETs to such tight
levels is to provide our customers
with parts that will no longer require
an incoming inspection, hence re-
sulting in a significant savings and
reduced inventory.

100% Visual Inspection

All HEXFETs, commercial or Hi-
Rel, plastic or hermetic, are 100%
pre-cap or pre-encapsulation in-
spected. This inspection ensures
proper wire bond placement, no
damage to the semiconductor chip,
as well as general appearance of the
die bond and die coat, where appli-
cable. International Rectifier’s relia-
bility group has correlated these
inspection criteria to improved long
term reliability results on such tests
as HTRB (High Temp Reverse Bias)
and gate stress.

Traceability

All parts are tested, marked and
shipped so as to maintain wafer lot
and assembly lot traceability. Inter-
national Rectifier feels lot traceabil-
ity is an essential part of our reliabil-
ity program so that, if, anytime in
the future, a customer has a problem
or a question concerning HEXFETs
they have received, IR can attempt
to correlate, the effect with the part’s
process history.

100% Reliability Tests

Before any part is released for cus-
tomer shipment, each and every
wafer and assembly lot goes through
an extensive series of tests designed
to indicate the ultimate reliability
that can be expected. This is called
our Reliability Certification Pro-
gram.

From each lot a sample of 80 pieces
is taken. Forty pieces are put through
a series of accelerated life tests (the
tests are listed in table 1). Another
40 parts are destructively tested to

determine the ultimate process limits;
this guarantees that the parts are
rugged and that there has been no
‘drift’ in the process parameters (See
table 2). Finally, 40 parts are kept
with all the lot travelers and test
results so that if a future question
requires data we did not take we can
always run a statistically valid test
and correlate our findings with those
of our customer.

If any lot does not meet any of our
high standards during these tests it
will not be shipped.

TEST SAMPLE SIZE REJECT ON

Table 1: Rellabllity Certification - Accelerated Tests

PURPOSE

Detect temperature dependent
failure modes and any change in
performance parameters with temp.

HTRB 40 1
T,=150°C

GATE 40 1
STRESS

T,=150°C

Check the reliability of gate oxide
and oxide/silicon interface.

Table 2: Reliability Certification - Destruction Tests

TEST SAMPLE SIZE REJECTON PURPOSE

SOA 10 1 Check power handling
FAIL POINTS capability

GATE 10 1 Check oxide integrity.
DIELECTRIC

STRENGTH

AVALANCHE 10 1 Check ability to handle
ENERGY inductive overloads.
THERMAL 10 -1 Check Integrity of
RESISTANCE header/solder/die

interface.




Long Term Reliability Reports

Finally, International Rectifier pub-
lishes quarterly HEXFET Reliability
Reports which summarize all the
reliability data we have taken during
that period. Once a year the results are
summarized. The reliability data
accumulated in this report is outlined
in Table 3. Reliability Reports are
available to all customers on request.

Specifying a HEXFET power
MOSFET for your design assures
the ultimate in reliability and
performance.

INTERNATIONAL RECTIFIER | ISR

Table 3: Reliability Report
TEST CONDITIONS

PURPOSE

85/85 .85 Vos
(plastic packages) 85% relative

Check ability of non-hermetic
packages to operate with

T,~85°C humidity bias in high relative humidity.
1000 hours
Power Cycles AT =70°K Determine number of power
cycles the package/solder/die
combination can withstand.
HTRB .8 Vps Determine failures per
T, =150°C 1000 hrs. for each failure

mode and temperature
dependent activation energy.




CHAPTER 1

APPLICATION NOTE 930

Applying International Rectifier's
Power MOSFETs

By BRIAN R. PELLY

International Rectifier’s Power
MOSFETs open the door to the
design of advanced products by offer-
ing the superior characteristics of
Field Effect Transistors at true high
power levels. Power MOSFETs sim-
plify circuitry because they are
voltage-controlled devices and re-
quire only very small instantaneous
currents from the signal source. They
achieve switching times of less than
100 nanoseconds at high current lev-

els. They have great ruggedness
because of the absence of the second
breakdown failure mechanism of
bipolar transistors. In parallel opera-
tion they inherently “current share”
rather than “current hog.” The stabil-
ity of the gain and response time
characteristics over a wide tempera-
ture range is outstanding. The net
result is a radically advanced power
transistor of universal application
capability.

HEXFET™ Technology
International Rectifier now offers
a truly advanced line of power
MOSFETs termed the HEXFETs™.
The HEXFETs are IR’s second gen-
eration power MOSFET design and
feature uniquely advanced technol-
ogy. The HEXFET technology
achieves both new high power
records in switching ratings for field
effect transistors and new economies
in MOSFET production costs. IR’s
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The HEXFET Structure

The HEXFET surface is character-
ized by a multiplicity of closed hex-
agonal source cells (over 500,000
per square inch) from which the
name HEXFET is derived. In cross
section, the HEXFET is based on a
double-diffused (DMOS) structure.
A channel is formed by double dif-
fusion at the periphery of each hex-
agonal source cell. An insulating

. gate oxide layer covers the channel.

Assilicon gate then overlays both the
insulating oxide and channel. The
silicon gate in turn is insulated from
the source by an additional oxide
layer. All of the hexagonal source
cells are then parallel connected by
a continuous sheet of metalization
which forms the source terminal.

Transistor action occurs by pene-
tration of an electric field into the
channel area which modulates the
conductivity between drain and
source. Conventional current flow is
from the drain substrate, across the
channel surface, and vertically out
the source terminal.
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Figure 2. Electrical Symbols for Bipolar and MOSFET

HEXFETs set the stage for large
scale usage in applications which
previously could be handled only by
the bipolar technology.

Until recently, large-area MOSFET
devices combining the low on-
resistance and the high-voltage char-
acteristics of a true power transistor
could not be fabricated. With IR’s
HEXFET technology, however, on-
resistances as low as 0.05 ohms are
possible at the 100 volt level. Voltage
ratings as high as 500 volts are possi-
ble by making a tradeoff with higher
on-resistance. HEXFET switching
ratings in excess of 4 kilowatts are
available in a single device.

The HEXFET Structure

As implied, the HEXFET struc-
ture involves a hexagonal device
geometry. At the core is a radically
new hexagonal cellular structure,
illustrated diagrammatically in Fig-
ure 1. It is this hexagonal geometry,
along with advanced MOS process-
ing, that gives the HEXFET an on
state resistance, Roswon), one-third of
that possible with the best previous
MOSFET technology, in a given die
size. At a given current level, there-
fore, the HEXFET can achieve a
forward voltage drop quite compa-
rable to the collector-emitter satura-
tion voltage of high performance
bipolar transistors that have about
the same die size.

A planar, non V-groove structure,
the HEXFET conducts current verti-
cally. For high packing density, it
uses a silicon-gate structure. The
density of the hexagonal source cells
on the top surface of the silicon die is
over half a million cells per square
inch. Electrons flow from a source
cell through the channel which is

DRAIN

CURRENT

INBASE *°°

« o o PRODUCES

PRODUCES

CURRENT CURRENT

VOLTAGE eee|ese
AT GATE
INCOLLECTOR N IN PRAIN
CURRENT . N L~
FLOW ¢ : o
) cuRRENT VOLTAGE
SOURCE SOURCE
SOURCE (a) BIPOLAR TRANSISTOR (b) MOSFET

(b) N-CHANNEL MOSFET

Figure 3. Bipolar Transistor is Current-Driven,

around the periphery of that cell and
then into the drain body. The bottom
surface of the drain body is in electri-
cal and thermal contact with the
header.

The efficient hexagonal source pat-
tern, the silicon gate, and advanced
MOS processing techniques all com-
bine to produce the HEXFETs
unique performance characteristics.

Some Basic Considerations

As we have seen, the HEXFET is
IR’s advanced design of power
MOSFET. Power MOSFETs are
majority carrier semiconductor de-
vices, and their construction and
principles of operation are funda-
mentally different from those of tra-
ditional bipolar transistors, which
are minority carrier semiconductors.
These fundamental differences must
be understood if full advantage is to
be taken of the MOSFETS’ special
performance features.

MOSFET Symbol and Terminology

The collector, base and emitter
terminology for the terminals of a
bipolar transistor is replaced by
drain, gate, and source, respectively
for a MOSFET. Figure 2 shows tie
circuit symbol for an N-channel
MOSFET, and makes a comparison
with a conventional bipolar tran-
sistor.

Driving the Power MOSFET

The conventional bipolar transis-
tor is essentially a current-driven
device. As illustrated in Figure 3 (a),
a current must be applied between
the base and emitter terminals to
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MOSFET is Voltage-Driven

produce a flow of current in the col-
lector. The amount of drive required
to produce a given output depends
upon the gain, but invariably a cur-
rent must be made to flow into the
base terminal to produce a flow of
current in the collector.

The MOSFET is fundamentally
different; it is a voltage-controlled
device. A voltage must be applied
between the gate and source termi-
nals to produce a flow of current in
the drain, as illustrated in Figure
3(b). The gate is isolated electrically
from the source by a layer of silicon
oxide. Theoretically no current flows
into the gate when a DC voltage is
applied to it — though in practice
there will be an extremely small leak-
age current, in the order of nano-
amperes.

With no voltage applied between
the gate and source electrodes, the
impedance between the drain and
source terminals is very high, and
only a small leakage current flows in
the drain until the applied voltage
exceeds the drain-to-source ava-
lanche voltage. This is illustrated in
Figure 4.

Vgs =0

LEAKAGE CURRENT
- MICROAMPS

DRAIN CURRENT

DRAIN -SOURCE VOLTAGE

AVALANCHE
VOLTAGE

Figure 4. Drain-Source
Blocking Characteristic




When a voltage is applied between
the gate and source terminals, an
electric field is set up within the
MOSFET. This field modulates the
resistance between the drain and
source terminals, and permits a cur-
rent to flow in the drain in response
to the applied drain circuit voltage.
The amount of current that flows
depends upon the amount of voltage
applied to the gate, assuming that the
impedance of the external drain cir-
cuit is not limiting.

Because the gate draws only a
minute DC leakage current, the DC
current gain is extremely high, typi-
cally in the order of 10°. In fact, this is
a rather meaningless parameter for a
power MOSFET, and it is not nor-
mally used. Because a flow of current
inthe drain is produced essentially by
a volrage applied to the gate, a more
useful parameter for the MOSFET is
the transconductance. This is the
change of drain current brought
about by a 1 volt change of gate
voltage.

The extremely low drive current
requirement of the power MOSFET,
and the associated extremely high
power gain, are a major advantage
over the conventional bipolar tran-
sistor or Darlington. This feature will
often make it possible to drive the
power MOSFET directly from
CMOS or TTL integrated circuit
logic.

The Static Operating Characteristics

The fundamental drain-source
operating characteristics of the
power MOSFET are illustrated in
Figure 5(a). For comparison, Figure
5(b) shows the corresponding col-

lector-emitter characteristics for a
conventional bipolar transistor.

For any given value of gate voltage
there are essentially two clearly
separate regions on the drain current-
voltage characteristic (with an inter-
mediate zone that connects the two).
The first is a “constant resistance”
region. As the drain-to-source volt-
age is increased, the current in-
creases almost proportionately,
though in practice the resistance does
increase at higher currents. At a cer-
tain current level, however, a channel
pinchoff effect is reached within the
device, and the operating characteris-
tic moves into a constant current
region.

The bipolar transistor also exhibits
a generally similar type of collector
characteristic. It does not, however,
show a truly resistive effect in its sat-
uration region, nor does it exhibit
nearly such a well regulated constant
current characteristic.

For switching applications, the
On-Resistance Roson of the power
MOSFET is obviously an important
characteristic because it determines
the power loss for a given drain cur-
rent. The lower the On-Resistance
the higher the current handling capa-
bility of the device. On-Resistance is
thus an important “figure of merit” of
the power MOSFET.

Threshold Voltage and
Transconductance

Inspection of the static drain-
source operating characteristics of
Figure 5 reveals that as the gate-to-
source voltage is increased from zero,
initially the drain current does not
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Figure 6. Transfer Characteristics (IRF130)
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increase significantly. Only once a
certain threshold gate voltage has
been reached, does the drain current
start to increase appreciably.

This is illustrated more clearly by
the typical relationships between
drain current and gate voltage shown
in Figure 6. It is seen that in the oper-
ating region beyond the threshold
gate voltage, the relationship
between the drain current and the
gate voltage is approximately linear.
Stated another way, the rate of
change of drain current with gate
voltage — the transconductance
referred to earlier — becomes rela-
tively constant at higher values of
drain current.

Features of IR Power MOSFETs
Basic Characteristics

Table 1 shows the available types
at the time of publication of this arti-
cle, September, 1979. Other types
will continue to be introduced, and
the reader should check with IR for
the latest product information.

All IR’s MOSFETs will conduct
their rated continuous drain current,
In, with less than 10 volts, Ves, ap-
plied from gate-to-source. Conduc-
tion will begin before 3 volts Vasan,
threshold voltage is applied to the
gate. The threshold voltage is always

- greater than 1 volt, which allows

leakage currents from a previous
stage to be easily bypassed to ground.
A cutoff condition of the power stage
is thereby assured without any spe-
cial reverse-biasing. All units have a
maximum junction operating
temperature of 150°C.

Rated at 100V, 28A continuous
and 70A pulsed, the IRF150 (Table
1) brings on-resistance down to the
lowest value to date of any power
MOSFET — 0.055Q) maximum. Typ-
ical on-resistance, just 0.04(), pro-
duces a 1.0V saturation-voltage drop



PARAMETER

Data Sheet
PD 9.304

Data Sheet
PD 9.302

Data Sheet
9.303

Data Sheet
PD 9.305

IRF
353

IRF
130

IRF
330

IRF|IRF
331{332

IRF
333

IRF
350

IRF|IRF
351|352

IRF
131

IRF
150

IRF|IRF
1511152

IRF
153

IRF
133

IRF
132

Drain-Source
Voltage
(Max.)

Vps

400 (350|400 350{400| 350|400 (350|100

100| 60 | 100 | 60

100 60

Continuous Drain
Current
(Max.)

4 35

10 28 24

Pulsed Drain
Current
(Max.)

Iom

25 20 30

25 70 60

On-State
Resistance
(Max.)

Rps(on)

Ohms

0.3 0.4 0.18

0.25 0.055 | 0.08

Power Dissipation
(Max.)

Pp

75 150

75 150

Farward
Transconductance
(Typical)

9fs
Mhos

35 9

Turn on Delay
Time
(Typical)

td(on)

ns

50 60

50 60

Rise Time
(Typical)

t
ns

100 150

150 200

td(off) Iurn off delay
ime

(Typical) ns

100 400

100 300

Fall time
(Typical)

i
ns

100 150

150 200

Input Capacitance
(Max.)

Ciss

pF

1000 4000

1000 4000

Table 1. Ratings and Characteristics of IR's High Current HEXFETs .

at 25A, which is low enough to com-
pare with the Vvgsar) of a bipolar
transistor of similar size, and lower
than that of a Darlington transistor.

Such a small forward voltage drop
is particularly impressive in light of
the fact that the HEXFET requires
only nanoamperes of gate drive, not
the amperes of base drive a bipolar
needs. In addition, the MOSFET
does not suffer the loss of switching
speed the bipolar does when driven
hard into saturation.

The IRF350 (Table 1) isa high vol-
tage version of the die size used for
the IRF150 transistor. Rated at 400V
and 11A continuous, 25A pulsed, the
IRF350 has a maximum on-
resistance of 0.30(). Moreover, an

ability to switch 4.4kW continuously
makes the IRF350 by far the highest-
power MOSFET available anywhere
in the world at the time of writing.

At a case temperature of 25°C,
both of these HEXFETs have a con-
tinuous dissipation rating of 150W.
Thermal impedance, from junction
to case, is 0.83°C/W. Both the
IRF150 and IRF350 families are in
standard TO-3 metal cases, with
copper base and 0.06in. diameter
pins for high electrical and thermal
conductivity.

The lower power IRF130 and
IRF330 families provide voltage rat-
ings and maximum on-resistance
values essentially equivalent to the
first generation IRF100 and IRF300
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MOSFET families (now obsolescent).
The HEXFETs accomplish the speci-
fications with a transistor die about
one-third the size of the original
MOSFET types.

Able to handle 12A continuous,
30A pulsed, the 100V IRF130 holds
on-resistance to a maximum 0.180Q.
And providing greater blocking volt-
age and lower current capability, the
IRF330 is rated at 400V and 4.0A
continuous, 8.0A pulsed. Its maxi-
mum on-resistance is 1.0Q.

At a case temperature of 25°C,
these lower power HEXFETs can
dissipate 75W of dc power. Their
internal thermal impedance is
1.6°C/W. Again, the package is the
industry-standard TO-3 case, with
0.04in diameter pins.
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Figure 7. Switching the MOSFET

Switching Times

MOSFET power transistors are
much faster than bipolar power tran-
sistors of comparable size, primarily
because they do not have minority
carrier delay times. The response
times of MOSFETs are determined
primarily by the device capacitances,
and secondarily by such factors as the
extremely short channel transit time
of the electrons.

The input capacitance, Ci, is the
primary factor which determines the
response time of a MOSFET.
Although MOSFETs can be con-
trolled by extremely low currents (i.e.
high source impedances), the rela-
tively long charge and discharge time
of the input capacitance, Cis, results
in a tradeoff of response time against
extreme sensitivity. A first order
approximation of the response time
of a MOSFET can be made by de-
termining the time constant which
results from the input capacitance
times the effective source impedance.

Figure 7 shows typical switching
waveforms of an IRF330 when
driven by a 500 nanosecond-wide
pulse. A good first order understand-
ing of the switching response times
td(on), tr, tacorn, and t, can be made by
considering the power MOSFET an
ideal switch with a 3 volt “on” thresh-
old. The output current can be con-
sidered controlled, without delay, by
the instantaneous gate voltage which,
in turn, is controlled by the time con-
stant formed by Rinput X Ciss.

With these concepts in mind, the
switching waveshapes of Figure 7(b)
and the response times can be more

easily understood. The turn-on
delay, taon), is primarily the time for
the transistor gate capacitance to be
charged by the control signal to the
threshold level of 3 volts maximum.
The rise time, t., is the gate charging
time required to drive from the thresh-
old voltage, through the linear con-
trol region, to the gate voltage (typi-
cally 5 to 8 volts) required for full
conduction of the drain current. In
turn-off the procedure is reversed,
and the turn-off delay time, tq.or, is
primarily the time required for the
gate capacitance to discharge from
the gate overdrive saturation voltage
(typically 10 volts) to the active gate
control region (typically 5to 8 volts).
Finally, the fall time, t;, is primarily
the time delay required for the input
capacitance to discharge through the
active control region to the gate
threshold voltage.

Figure 8 shows typical relation-
ships for the IRF330 between the

amplitude of the applied gate voltage
signal, the turn off delay time, the fall
time, and the rise time of the drain
current, with the simple “resistive”
gate drive circuit shown in Figure 7.
Note that the turn off delay time
increases with increasing gate drive,
for the reasons already explained.
The rise time of the drain current, on
the other hand, decreases with
increasing gate drive; this is because
the higher the applied gate drive sig-
nal the faster the gate to source volt-
age reaches the level needed to sup-
port the drain current. The fall time
of the drain current remains practi-
cally constant with applied gate
drive; this is because the decay of the
gate-to-source voltage below the
point at which the drain current Ip
can no longer be maintained, is prac-
tically independent of the amplitude
of the applied gate signal.

Typical relationships between
switching times and gate circuit re-
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Figure 8. Typical relationships between
Switching Times and Applied
Gate Voltage (IRF330)
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sistance are shown in Figure 9. Pre-
dictably, the higher the gate resist-
ance, the longer the switching times,
because of the longer time constant

RG Cnss.

Simple Capacitive Speed-Up Circuit

The alert designer will realise that
circuit techniques for forcing the
charge on C, give a means of con-
trolling the response time of the
MOSFET, or alternatively the input
impedance level at which a given

response time occurs.

v+

Figure 10. Gate Speed-up Circuit

Figure 10 shows a simple gate
“speed-up” circuit. The circuit pro-
duces a significant reduction in the
switching times, at the expense of the
need for an increased amplitude of
input gate signal, and an increased,
(but still comparatively low) current
drain on the drive source. When
switching on, the capacitor C initially
provides a low impedance path for
the applied gate pulse, bypassing the
resistor R, and thus the input capaci-

tance Cs of the MOSFET is rapidly
charged. When switching off, the
capacitor C is charged positively on
its left-hand terminal; the charged
capacitor forces a discharge current
through the input capacitance of the
MOSFET, thus making it switch off
rapidly.

A point to remember about this
gate speed-up circuit is that to be
effective it does require an increase in
the amplitude of the source signal
voltage, because of the voltage divid-
ing effect of R; with R, and R..
Another point is that the resistor R3
draws a continuous current from the
gate drive source. Clearly it is desir-
able that the value of R; should be as
high as possible. Figure 11 shows typ-
ical switching times for different
values of R3, for a given values of R,
R; and C. It is seen that very fast
switching times — in the order of 50
nanoseconds — can be obtained with
the gate-to-source resistance Rj; as
high as 10k Ohms. This represents a
continuous current drain on the gate
drive source of about ImA. Thisisan
order of magnitude lower than the
drive current required for a compar-
ably rated bipolar Darlington, which
in any event exhibits switching times
more than an order of magnitude
longer.

Figure 12 shows typical relation-
ships between the switching speeds of
the IRF330 and the drain current,
with and without a gate speed-up cir-
cuit. Note the drastic reduction in the
turn off delay and fall times with the
speed-up circuit, at drain current lev-

1= 1MH2
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Figure 13. Typical refationships between
Drain-Source Voltage and Drain-
Source Self 'Capacitance (IRF330)

els above 1A. The increase in the fall
time at low levels of drain current is
due to the drain-to-source capaci-
tance, Coss. The lower the drain cur-
rent, the higher the load resistance R,
and the greater the time constant
RC.s. A typical relationship between
Coss and drain to source voltage is
shown in Figure 13.

Simple external circuit techniques
such as this can be used to obtain the
fast switching speeds possible with
power MOSFETs, yet maintain
extremely high effective gain, thereby
keeping complexity to a minimum.
Power MOSFETs operating at many
amperes and kilowatt power levels
can commonly be driven directly
from linear and digital IC compo-
nents, whilst switching times still
much faster than those of bipolar
power transistors are easily achieved.
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Switching Times with an Inductive
Load

So far we have considered the
switching of the power MOSFET
with a simple resistive load. In many
applications the load during the
switching interval will be essentially
inductive, and it is often of more
practical interest to the circuit
designer to know the switching times
with an inductive load. Figure 14
shows asimple circuit with a clamped
inductive load; corresponding ideal-
ized switching waveforms are shown
in Figure 15. Note that at switch-on
the current first rises, then the voltage
falls. At switch off the drain voltage
rises, then the current falls. Note that
this assumes that the load is suffi-
ciently inductive that current flows
continuously in it; through the
MOSFET when it is switched on, and
throughthe clamping diode when the
MOSFET is switched off. It is also
assumed that stray circuit inductance
between the clamping diode and the
MOSFET is negligible. Thus at
switch on, load current that is already
flowing in the clamping diode com-
mutates into the MOSFET, and the
transfer of this current is unrestricted
by stray circuit inductance. In gen-
eral this assumption for the switch on
condition is somewhat pessimistic,
but it can be approximated in certain
circuits.
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Figure 14. Simple circuit with Clamped In-
ductive Load
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Switching Times and Drain
Current with Clamped Inductive
Load and Gate Speed-up
Circurt (IRF330)

Figure 16 shows typical relation-
ships between the switching times
and the drain current for a clamped
inductive load with a gate speed-up
circuit.

Maximum Operating Frequency

Because the switching times of the
power MOSFET are very fast — at
least an order of magnitude faster
than those of comparably rated bipo-
lar transistors — the energy dissi-
pated during switching is very much
lower, and the power MOSFET is
able to operate at switching frequen-
cies an order of magnitude or more
higher.

Relationships between operating
frequency and switching efficiency of
the IRF330 power MOSFET with a
resistive load, are shown in Figure 17.
This data is based upon actual mea-
sured values of switching energy at a
supply voltage of 300V, and a 50%
duty cycle. Figure 17 takes account of
the losses in the power MOSFET
itself, and not of other components in
the circuit; it does not therefore
represent the overall circuit effi-
ciency. Clearly, so far as the
MOSFET itself is concerned, switch-
ing frequencies up to S00kHz or
higher are quite feasible. The switch-
ing efficiency is defined as:

Switching Efficiency
= Power Input - MOSFET losses
Power Input.

Safe Operating Area

One of the outstanding features of
IR’s power MOSFETs is that they do -
not display the second breakdown
phenomenon which is frequently the
Achilles heel of bipolar transistors. A
simple physical explanation accounts
for this superiority. If localized,
potentially destructive, heating
occurs within a MOSFET transistor,
the carrier mobility in that area
decreases. As a result the MOSFET
has a positive temperature coefficient
and acts in a self-protective manner
by forcing currents to be uniformly
distributed through the silicon die. In
contrast a bipolar transistor, particu-
larly under conditions of high
collector-emitter voltage, displays
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Figure 17. Switching Efficiency (IRF330)
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“current crowding” in the base
region, which causes hot spots.
Because of the bipolar’s negative
temperature coefficient, these hot
spots tend to further “hog” the cur-
rent and cause instantaneous, catas-
trophic destruction of the die.

As any power transistor circuit de-
signer will know, the rated maximum
power dissipation of the bipolar ac-
tually applies only over a very limited
range of collector voltage, typically
up to 10% of rated Vceo. At higher
voltages, the dc power dissipation is
severely limited by second break-
down. Typically, at rated voltage the
permissible power dissipation is only
5% of full rated power.

The Safe Operating Area of the
IRF330 series MOSFET is shown as
an example in Figure 18. Note that
the DC current is limited throughout
the voltage range only by the 75 watt
power dissipation slope. There are no
secondary slopes in the DC dissipa-
tion curve (or the pulse curve) that
indicate the second breakdown limit
commonly seen on bipolar Safe Op-
erating Area curves. Note also the
high values of pulse current and the
corresponding long time periods for
which the pulse power can be safely
tolerated.

The IRF330, for example, can
tolerate 0.375 amperes at 200 volts
on a DC basis. By contrast, the pop-
ular 2N6545, a bipolar transistor
with the same voltage rating, "but
double the continuous current rating,
has only a 0.06 ampere DC second
breakdown limit at 200 volts. At one

millisecond pulse width and 300
volts, the IRF330 rates at 1.0
amperes versus only 0.45 amperes
for the 2N6545.

The absence of second breakdown
means that the power MOSFET is
generally a much more rugged device
than the bipolar transistor. This is
extremely important, both for “lin-
ear” and “switching” applications.

The Vps absolute maximum rating
of MOSFETs should not be ex-
ceeded by allowing them to operate
in the avalanche region. However, it
is possible to reliably turn off high
level inductive currents, which can
generate high voltage inductive tran-
sients, by using a simple voltage
clamp circuit. All of IR’s MOSFETs
have a clamped inductive rating such
that the maximum rated pulse cur-
rent can be turned off with a 100
microhenry inductor in series. Be-
cause MOSFETs are very fast de-
vices, caution must be taken that the
voltage clamp device has a suffi-
ciently fast response, and that it is
closely coupled to the drain-source
terminals. A zener diode connected
physically as close as possible to the
drain and source terminals generally
will provide acceptable voltage
clamping.

The transconductance, gi, of a
MOSFET is maximum at the highest
allowable drain currents. In contrast,
the DC gain, hrg, of a bipolar transis-
tor, decreases drastically at high col-
lector currents. The high transcon-
ductance of MOSFETs at high
currents, combined with the excellent
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SOA rating, result in MOSFETs be-
ing superb pulse amplifiers. All of
IR’s power MOSFETs have a pulsed
current rating, Ipwm, that is at least
twice the continuous current rating,
Ip. IR’s power MOSFETs operate
excellently in the pulse region as long
as the allowable average power dissi-
pation, safe operating area, and +20
volt maximum gate voltage ratings
are not exceeded.

Temperature Stability

MOSFETs have outstanding gain
and switching time stability with
temperature variations, relative to
the stability of typical bipolar transis-
tors. The transconductance of IR
Power MOSFETs typically varies
less than £20% from the 25°C value,
over a -55°C to 125°C range. The
DC current gain of a power bipolar
commonly varies by a factor of 2or 3
over this temperature range.

A rough comparison of the typical
DC gain stability for an IR power
MOSFET versus a power bipolar
would yield a transconductance, g,
temperature coefficient of about
~0.2% per °C versus a bipolar current
gain, hrg, temperature coefficient of
about +0.8% per °C — a four-fold
difference.

Reference to Figure 6 will show
that the threshold voltage (bias
point) and the transconductance (DC
gain) move with temperature in com-
pensating directions. Therefore, an
operating point on the DC transfer
characteristic maintains unusually
good open loop stability. Drift-free
operation becomes easy in a linear,
closed loop system.

The switching time of IR power
MOSFETs is essentially independent
of operating temperature. This is a
tremendous advantage relative to
bipolar transistors, for which the
25°C switching times and associated
power losses commonly increase by a
factor of 2 or 3 at the higher actual
operating temperatures. The ex-
traordinary switching time stability
of MOSFETs: results because the re-
sponse times are primarily dependent
on the input capacitance, C.s, which
is essentially temperature invariant.

The on-resistance, Rpon) of power
MOSFETs, has a positive tempera-
ture coefficient, of approximately
+0.7% per°C. This is an advantage in
paralleling MOSFETs, and as has
been seen it also accounts for their
excellent safe operating area. How-
ever, in determining the on-state
power losses in a switching mode, the
increased value of RDon) at the ac-
tual maximum junction operating



temperature must be used. Sufficient
heatsink must always be used so that
a thermal runaway situation cannot
occur.

Paralleling

Power MOSFETs are easy to par-
allel. because the positive tempera-
ture coefficient forces current sharing
among the paralleled devices. Cur-
rent sharing resistors, with their as-
sociated power losses, are not neces-
sary. Some resistance in series with
the gates (typically 100 ohms) and
close paralleled lead connections
may be necessary to assure that the
good high frequency response of the
MOSFETs does not cause oscil-
lations.

MOS Caution

The 20 volt absolute maximum
gate voltage rating of IR power
MOSFETs should never be ex-
ceeded, or permanent damage can
occur.

Zener diode protection should be
used if there is a danger of transient
gate overvoltages. This caution ap-
plies also to the buildup of static
charge. IR power MOSFETs have
large gate capacitances and thick
oxide layers relative to low level
MOS devices, where static charge
damage can be particularly danger-
ous. Though significantly more
rugged than such low level MOS
devices, reasonable precautions
which are normally taken in handling
MOS devices should be observed
until the installation of MOSFETs
in a circuit.

APPLICATIONS
Power MOSFETs offer tremen-

dous operating advantages over con-

ventional bipolar transistors, and
they will undoubtedly replace bipo-

lars in many existing applications. In
order to take full advantage of their
unique operating features, and thus
to produce an optimum overall sys-
tem design, it will almost never be
sufficient merely to make a one-for-
one replacement of a bipolar with a
MOSFET in an otherwise unmodi-
fied circuit. The much lower drive
requirement of the MOSFET will
usually mean that very significant
simplifications can be made in the
drive circuitry; the vastly superior
switching speed will offer the possi-
bility for lower losses, or higher op-
erating frequency, or both; and the
superior safe operating area will offer
greater loading and overloading ca-
pability, and minimization or elimi-
nation of protective snubber com-
ponents.

Many potential applications of
Power MOSFETs are obvious, and
are already being actively pursued by
circuit development engineers
throughout the world. A great
number of as yet unexplored applica-
tions will surely emerge, as the
unique advantages of IR’s power
MOSFETs become more widely un-
derstood, and as power MOSFET
technology itself develops and
matures.

In the following sections we will
briefly review some of the most ob-
vious application areas. This may
help to stimulate the imagination of
the reader to perceive new apphca~
tions for power MOSFETs in his
own particular field of expertise.

Switching Power Supplies
Switching DC power supplies are
rapidly replacing conventional 50 or
60Hz transformer/rectifier supplies.
The basic principle of the switching
power supply is illustrated in Figure

19. This switching scheme by com-
parison with the conventional line
frequency power supply, offers
smaller overall size, due to much
smaller transformer and smoothing
components, faster response, better
regulation, and higher efficiency.

Switching power supplies pres-
ently use bipolar transistors, and
usually operate in the 20-35 kHz fre-
quency range. Higher operating fre-
quencies are not generally practical,
because bipolar switching times are
too long. From the system viewpoint,
an increase in the switching fre-
quency to 200 kHz or higher would
offer the possibility for further reduc-
tions in size, weight, and response
time. Such high operating frequen-
cies now become a practical reality,
with the availability of IR’s power
MOSFETs. Other potential advan-
tages would be elimination of electro-
lytic capacitors, smaller EMI filters,
and simplified drive and snubber
circuits.

The MOSFET also offers advan-
tages in the existing 20 to 30 kHz
range, in terms both of reduced over-
all losses, because of reduced switch-
ing losses, and reduced circuit com-
plexity, because of the minimal gate
drive requirement.

Audio Amplifiers

The power MOSFET offers a quite
linear input to output transfer char-
acteristic. This means that with ap-
propriate biasing it can be used as a
simple high quality audio amplifier,
illustrated in a simplified form in
Figure 20.

The excellent Safe Operating Area
of power MOSFETSs make them par-
ticularly well suited for class B ampli-
fiers, which require extreme low fre-
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Figure 20. Basic Principle of Audio Amplification using Power MOSFET
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quency response at high power levels.
The wide MOSFET bandwidth
makes good high frequency response
of the amplifier easy.

Another type of audio amplifier
uses the class D pulsewidth modula-
tion principle, illustrated diagram-
matically in Figure 21. Implementa-
tion of this type of amplifier with
bipolar transistors has not generally
been successful, because the carrier
frequency must be much higher than
the audio frequency to produce a
good quality output. The relatively
long switching times of the bipolar
are a fundamental limitation. With
the availability of IR’s power
MOSFETs, these limitations are
eliminated. This type of approach
offers the possibility for an audio
amplifier of extremely high effi-
ciency, small size, and high fidelity.

Motor Speed Control

The use of bipolar transistors for
speed control of both DC and AC
motors is taking a firm hold in the
marketplace, for power ratings up to
several tens of horsepower. Basic
chopper and inverter schemes for
motor speed control using power

MOSFETs are shown in Figure 22.
The use of variable frequency DC to
AC inverters, for efficient control of
the speed of AC induction motors is
becoming particularly topical in view
of the present day emphasis on
energy saving techniques.

In these circuits the switching fre-
quency typically will be in the range
of a few hundred Hz, to a few kHz.
This, of course, is well within the
capability of bipolar transistors.
MOSFETs can however offer signifi-
cant advantages, because of their
substantially reduced drive power
requirements, and improved safe op-
erating area and ruggedness. These
features will result in simplification
of peripheral circuitry, improved re-
liability, and improved response
time.

The ease of paralleling power
MOSFETs for higher power output
is also an important advantage,
whilst the somewhat higher conduc-
tion voltage drop and hence higher
power loss of the MOSFET is but a
slight disadvantage — more theoreti-
calthan practical. The extra heatsink
required to accommodate the greater
power dissipation of the MOSFET is
minimal indeed, and is greatly out-
weighed by the advantages to be
gained.

AM Transmitters

Conventional AM broadcasting
transmitters operate in the 0.5 to
1.6 MHz range. They use vacuum
tubes, which are relatively bulky and
unreliable. Newer designs are using
parallel connected bipolar tran-
sistors.

Typically an AM transmitter using
bipolars requires about 60 devices,
for each kilowatt of output power.
The high operating frequency pushes

the limits of bipolar operation, paral-
leling is difficult, and the required
reliability is not easy to achieve.

Power MOSFETs are capable of
operation within the required fre-
quency range, and are easily parallel-
able. The total number of devices
would be drastically reduced; for ex-
ample 8 IRF350’s would be needed
for each kilowatt of output power, as
compared to 60 bipolar transistors.
Another advantage of the MOSFET
system would be that it is able to
handle mismatch and fault condi-
tions, and the driver stages would be
much simpler. A basic schematic of
an AM transmitter using power
MOSFETs is shown in Figure 23.
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Figure 23. AM Transmitter — Basic Principle

Induction Heating

The heating of metal by energizing
an induction coil that couples mag-
netic flux and induces a flow of eddy
current into the work piece is an es-
tablished principle, that is widely
used throughout industry. It is an ef-
ficent, clean and cost effective means
of melting, heating, hardening, an-
nealing and welding of metals.
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Figure 22. Basic schemes for Variable Speed Control of DC and AC Motors using Power MOSFETs




Induction heating systems cover a
wide range of frequencies, starting at
line frequency and progressing up to
around 500k Hz. The lower frequency
ranges. up to 20kHz or so, today are
generally covered by variable fre-
quency thyristor inverters, which
have now largely replaced the older
fixed frequency rotating generator
sets.

Power levels of induction heating
equipment extend up to several mega-
watts at the lower end of the fre-
quency spectrum. As the required
frequency increases, generally the
power requirement decreases.

For frequencies in the 100 to
500kHz range vacuum tube oscilla-
tors, with ratings from a few kilo-
watts upwards, are presently the
normal means of producing the re-
quired frequency. These are not too
efficient, typically about 60%, they
are qune large, and they require peri-
odic maintenance.

The availability of IR’s power

MOSFETs offers the opportunity for

* realising efficient, compact and reli-

able solid state RF induction heating

. generators at the required power rat-
ings, at frequencies up to 500kHz.

Another use of induction heating
that has been proposed is in domestic
cooking. Heating currents are in-
duced from an induction coil directly
into the cooking utensil. This tech-
nique offers dramatic improvements
in efficiency and response time.

Commercial exploitation of this
principle has not so far generally
been successful, primarily because of
the complexity of the required high
frequency inverter circuitry. The
availability of IR’s power MOSFETs

makes possible a complete re-
appraisal of the induction cooker.

High Frequency Welding

- Modern DC power supplies use
high frequency switching techniques
to obtain greater compactness, im-
proved efficiency and faster re-
sponse. This very same switching
technique is also applicable to DC
welding supplies. These traditionally
use a bulky mains frequency trans-
former, often a ballast impedance to
obtain the required output regula-
tion, and an output rectifier to pro-
vide the required DC.

Figure 24 shows a basic schematic
of a possible high frequency welding
system using power MOSFETs. IR’s
power MOSFETs can deliver several
kilowatts of power at frequencies
well above the audio range; this type
of scheme would provide a compact,
portable, silent, efficient welder, with
fast response and excellent control-
lability.

Fluorescent Lighting
Conventional mains frequency
fluorescent lighting requires bulky
inductive ballasting and power factor
capacitors, and is relatively ineffi-
cient. It is well known that by using
high frequency to supply the fluores-
cent tube, power consumption for a
given light output can be reduced by
30 to 35%, whilst tube life can be
substantially increased, and bulky
ballast components are eliminated.

* Fluorescent lighting schemes using
high frequency bipolar transistor in-
verters are presently used in applica-
tions such as transportation and
emergency lighting systems.

Application of high frequency
techniques to the general consumer

market has so far been inhibited by
the relative complexity of the drive
circuitry required for the bipolar
transistor. IR’s power MOSFETs
with their extremely simple drive re-
quirements are potentially ideal for
this application.

A basic schematic of a high fre-
quency fluorescent lighting scheme
using MOSFETs is shown in Figure
25.

Other Applications

The applications discussed above
are just a few of the many potential
uses of IR’s power MOSFETs. Other
immediate application areas are high
frequency generators for diathermy,
drivers for high power bipolar tran-
sistors and thyristors, pulsewidth
modulated high current supplies for
spark erosion, beam control of video
displays for computer terminals, and
VLF and HF generators.

Summary

Power MOSFETs have numerous
operating characteristics which are
distinctly superior to those of power
bipolar transistors. These superiori-
ties occur because MOSFETs have
fundamentally different operating
principles. Understanding the oper-
ating principles and superiorities of
MOSFETs will allow the creative de-
signer to make fundamental im-
provements in many types of transis-
torized products, as well as to
innovate entirely new types of
product.

The introduction of IR HEXFETs
—the world’s most advanced form of
power MOSFETs — further under-
scores the importance of MOSFET
technology for the circuit designs of
the future.
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CHAPTER 2

APPLICATION NOTE 936

The Do’s and Don’ts of Using Power HEXFETS

By BRIAN R. PELLY

Summary

In common with all power semi-
conductor devices, power MOSFETs
have their own technical subtleties,
which must be properly understood
if the designer is to get the most out of
them. In this article, some of the most
common “Do’s and Don’ts” of using
power HEXFETs are explained.

Introduction

Power HEXFETs offer many ad-
vantages over conventional bipolar
transistors, in both linear and switch-
ing applications. These advantages
include very fast switching, absence
of second breakdown, wide safe op-
eratingarea, and extremely high gain.
Typical applications are high fre-
quency switching power supplies,
chopperand inverter systems for DC
and AC motor speed control, high
frequency generators for induction
heating, ultrasonic generators, audio
amplifiers, AM transmitters, compu-
ter peripherals, telecommunications
equipment, and a host of special mili-
tary and space needs.

There are several basic types of
power MOSFETsavailable. Original
designs used so-called V-groove or
U-groove structures, while the trend
today is towards vertical D-MOS
technology, with a closed cellular
source configuration. This technol-
ogy was first embodied in the HEX-
FET structure, shown in Figure 1.

Current flows vertically through
the silicon from the drain, through
the body of the device, then horizon-
tally through the channel region, and
vertically out of the source, as illus-
trated. The flow of transistor current
is controlled by the voltage applied
between the gate and source termi-

nals; the applied gate voltage sets up
a field in the channel region, which
modulates the resistance of the de-
vice. The gate is isolated electrically
from the body; as a result, the power
HEXFET has a very high, almost
infinite, DC gain.

A feature of power MOSFETs is
that they inherently have built into
them an integral reverse body-drain
diode. The existence of this diode is
explained by reference to Figure 1.
When the source terminal is made
positive with respect to the drain,
current can flow through the middle
of the source cell, across a forward
biased P-N junction. In the “reverse”
direction, the power HEXFET thus
behaves like a P-N junction rectifier.

The integral body-drain diode is a
real circuit element, and its current
handling capability is typically as
high as that of the transistor itself.
Some circuits require an “inverse”
rectifier to be connected across the
switching device, and in these circuits
it will often be possible to utilize the
body-drain diode of the HEXFET,
provided the proper precautions are
taken.

Inthisapplication note, some of the
most common do’s and don’ts of
using power HEXFETs are des-
cribed. The objective is to help the
user get the most out of these remark-
able devices, while reducing “on the
job” learning time to a minimum.
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Figure 1. Basic HEXFET Structure
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Be Careful When Handling & Testing
Power HEXFETs

The user’s first “contact™ with the
power HEXFET could be a package
of parts arriving on his desk. Even at
this stage, it behooves one to be
knowledgeable about some elemen-
tary precautions.

Power HEXFETs, being MOS de-
vices, can potentially be damaged by
static charge when handling, testing
or installing into a circuit. The prob-
lem is rather slight by comparison
with that experienced with low level
MOS devices. Power HEXFETsare,
after all, power devices; as such, they
have much greater input capacitance,
and are much more able to absorb
static charge without excessive build-
up of voltage. In order to avoid pos-
sible problems, however, the follow-
ing procedures should be followed as
a matter of good practice, wherever
possible:

o HEXFETSs should be left in their
anti-static shipping bags, or con-
ductive foam, or they should be
placed in metal containers or con-
ductive tote bins, until required
for testing or connection into a
circuit. The person handling the
device should ideally be grounded
through a suitable wrist strap,
though in reality this added pre-
caution is seldom essential.

o HEXFETSs should be handled by
the package, not by the leads.

When checking the electrical char-
acteristics of the power HEXFET on
a curve tracer, or in a test circuit, the
following precautions should be ob-
served:

o Test stations should use electric-
ally conductive floor and table
mats that are grounded. Suitable
mats are available commercially.

o When inserting HEXFETs into a

curve tracer or a test circuit, volt-
age should not be applied until all
terminals are solidly connected
into the circuit.
When using a curve tracer, a resis-
tor should be connected in series
with the gate to damp spurious
oscillations that can otherwise
occur on the trace. A suitable
value of resistance is 100 ohms.

For repeated testing, it is conve-

nient to build this resistor into the
test fixture.

e When switching from one test
range to another, voltage and cur-
rent settings should be reduced to
zero, to avoid the generation of
potentially destructive voltage sur-
ges during switching.

The next step is to connect the
power HEXFET into an actual cir-
cuit. The following simple precau-
tions should be observed:

e Work stations should use electric-
ally grounded table and floor mats.

e Soldering irons should be groun-
ded.

Now that the power HEXFET has
been connected into its circuit, it is
ready for the power to be applied.
From here on, success in applying the
device becomes a matter of the integ-
rity of the circuit design, and of what
circuit precautions have been taken
to guard against unintentional abuse
of the HEXFET"s ratings.

The following are the interrelated
device and circuit considerations that
lead to reliable, trouble-free design.

Beware of Unexpected
Gate-to-Source Voltage Spikes

Excessive voltage will punch
through the gate-source oxide layer
and result in permanent damage.

This seems obvious enough, but it is
not so obvious that transient gate-to-
source overvoltages can be generated
that are quite unrelated to, and well
inexcess of, theamplitude of the app-
lied drive signal. The problem isillus-
trated by reference to Figure 2.

If we assume that the impedance, Z,
of the drive source is high, then any
positive-going change of voltage app-
lied across the drain and source ter-
minals (caused, for example, by the
switching of another device in the
circuit) will be reflected as a positive-
going voltage transient across the
source and the drain terminals, in the
approximate ratio of:

|
1+ Gy
Cyqg

The above ratio is typically about 1
to 6. This means that a change of
drain-to-source voltage of 300V, for
example, could produce a voltage
transient approaching 50V between
the gate and source terminals. This
calculation is based upon the worst
case assumption that the transient
impedance of the drive circuit is high
by comparison with the gate-to-
source capacitance of the HEXFET.
This situation can, in fact, be quite
easily approximated if the gate drive
circuit contains inductance — for
example, the leakage inductance of
an isolating drive transformer. This
inductance exhibitsa high impedance
for short transients, and effectively
decouples the gate from its drive cir-
cuit for the duration of the transient.

The positive-going gate-to-source
voltage transient produced under the
above circumstances is undesirable
because it may exceed the gate volt-
age rating of the device, causing per-
manent damage; moreover, it tends
to turn the device ON “unintention-
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Figure 2. A Rapidly Changing Applied
Drain-Source Voltage will
Produce Gate-Source
Voltage Transients
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Figure 3. Drain-Source Overvoltage
Transient when Switching
Off with Unclamped
Inductive Load
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Figure 4. Drain-Source Overvoltage
Transient Produced by Stray
Circuit Inductance When
Switching Off with Clamped
Inductive Load




ally™, causing transient current over-
loading of this and other devices in
the circuit.

It is, of course, true that since the
applied drain transient results in a
voltage at the gate which tends to
turn the HEXFET device ON, the
overall effect is to an extent self-
limiting so far as the gate voltage
transient is concerned. Whether this
self-limiting action will prevent the
voltage transient at the gate from
exceeding the gate-source voltage rat-
ing of the device depends upon the
impedance of the external circuit.
Spurious turn-on is of itself undesir-
able, of course, though in practical
terms one may grudgingly be able to
accept this circuit operating imperfec-
tion, provided the safe operating area
of the device is not violated.

Asa minimum solution to the prob-
lem, the gate-source terminals must
be provided with a voltage clamp (a
conventional zener diode is suitable
for this purpose) to prevent the gate-
source voltage rating from being ex-
ceeded. A more fundamental solu-
tion, of course, is to make the im-
pedance of the gate circuit low enough
that not only is the gate-source volt-
age rating not exceeded, but also the
voltage transient at the gate is con-
tained to a level at which spurious
turn-on does not occur.

It should be remembered thata col-
lapse of voltage across the HEXFET
(i.e., a negative-going dv/dt) will
produce a transient negative voltage
spike across the gate-source termi-
nals. In this case, of course, there will
be no tendency for the device to turn
ON, and hence no tendency for the
effect to be self-limiting. A zener
diode connected to clamp positive
transients will automatically clamp

them to the forward conduction volt-
age drop of the zener.

Beware of Drain-Source Voltage
Spikes Induced by Switching

The uninitiated designer is often
notaware that self-inflicted overvolt-
age transients can be produced when
the device is switched OFF, even
though the DC supply voltage for the
drain circuit is well below the Vpg
rating of the HEXFET.

Figure 3 shows how a voltage spike
is produced when switching the de-
vice OFF, asa result of inductance in
the circuit. The faster the HEXFET
is switched, the higher the overvolt-
age will be. Inductance is always
present to some extent in a practical
circuit, and therefore, there 1s always
danger of inducing overvoltage tran-
sients when switching OFF. Usually,
of course, the main inductive com-
ponent of the load will be “clamped™”,
as shown in Figure 4. Stray circuit
inductance still exists, however, and
overvoltage transients will still be
produced as a result — to say nothing
of the fact that the clamping diode
may not provide an instantaneous
clamping action, due to its “forward
recovery” characteristic.

The first approach to this problem
is to minimize stray circuit induc-
tance, by means of careful attention
to circuit layout, to the point that
whatever residual inductance is left
in the circuit can be tolerated. If the
device has an inductive energy rating,
use can be made of this rating for this
situation. Generally, however, such
ratings do not yet exist for power
HEXFETs, and a clamping device
should be connected, physically as
close as possible to the drain and

.source terminals, as shown in Figure

5. A conventional zener diode, or a
“transorb”clamping device, are satis-
factory for this purpose. An alterna-
tive clamping circuit is shown in Fig-
ure 6. The capacitor C is a reservoir
capacitor and charges to a substan-
tially constant voltage, while the re-
sistor R is sized to dissipate the
“clamping energy” while maintain-
ing the desired voltage across the
capacitor. The diode D must be cho-
senso thatits forward recovery char-
acteristic does not significantly spoil
the transient clamping action of the
circuit.

A simple RC snubber can also be
used, as shown in Figure 7. Note,
however, that an RC snubber not
only limits the peak voltage, it also
slows down the effective switching
speed. In so doing, it absorbs energy
during the whole of the switching
period, not just at the end of it, as
does a voltage clamp. A snubber is
therefore less efficient than a true
voltage clamping device.

Note that the highest voltage tran-
sient occurs when switching the high-
est level of current. The waveform of
the voltage across the HEXFET
should be checked with a high-speed
oscilloscope at the full load condition
toensure that switching voltage tran-
sients are within safe limits.

Do Not Exceed the Peak
Current Rating

All HEXFETs have a specified max-
imum peak current rating. This is
conservatively setat a level that guar-
antees long-term reliability, and it
should not be exceeded.

It is often overlooked that peak
transient currents can be obtained in
a practical circuit that are well in
excess of the expected normal oper-

negative-going transients, limiting
Ls
Eo I
OVEﬁVOLTAGE
BY ZENER
(c) CLAMI ’ I_
INDUC’TIVE LOAD
WITH LOCAL D-S
ZENER CLAMP
CLAMPING

ZENER

Figure 5. Overvoltage Transient at Switch-
Off Clamped by Local Drain-
Source Zener
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Figure 6. Overvoltage Transient at Switch-
Off Limited by Local Diode-
Capacitor-Resistor Clamp

‘OVERVOLTAGE TRANSIENT
REDUCED BY SNUBBER

Figure 7. Oyervoltage Transient at Switch-
Off Limited by Local Capacitor-
Resistor Snubber
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ating current, unless proper precau-
tions are taken. Heating, lighting and
motor loads, for example, consume
high in-rush currents if not properly
controlled. A technique that ensures
that the peak current does notexceed
the capability of the HEXFET is to
use a current sensing control that
switches OFF the HEXFET when-
ever the current instantaneously
reaches a preset limit.

Unexpectedly high transient current
can also be obtained as a result of
rectifier reverse recovery, when a
HEXFET is switched ON rapidly
into a conducting rectifier. This is
illustrated in Figure 8. The solution is
to use a faster rectifier, or to slow
down the switching of the HEXFET
to limit the peak reverse recovery
current of the rectifier.

Do Not Operate at an RMS Current in
Excess of the Rating

All HEXFETs have a maximum
continuous direct current rating, lp.
The internal bonding wires, bonding
pads, and source metallization of the
HEXFET are designed to carry this
rated current continuously. The total
continuous RMS current handled by
the HEXFET should not exceed the
Ip rating. This means that ina switch-
ing application, for example, if the
peak current is Ipg, and the duty
cycle is D, as illustrated in Figure 9,
then the maximum permissible value
of lpg is Ip/v/ D, so long as this
value is less than the Ip(may) rating.

Stay Within the Thermal Limits

The power HEXFET, being a
power device, is thermally limited. It
must be mounted on a heatsink that
is adequate to keep the junction

temperature within the rated Tj(mdx)
(150°C) under the “worst case™ con-
dition of maximum power dissipa-
tion and maximum ambient temper-
ature.

It must be remembered that in a
switching application, the total power
is due to the conduction loss and the
switching loss. Switching time and
hence switching losses are essentially
independent of temperature, but the
conduction losses increase with in-
creasing temperature, because Rp(on)
increases with temperature. This must
be taken into account when sizing the
heatsink. The required thermal resist-
ance of the heatsink can be calculated
as follows:

The transistor conduction power,
Py, is given approximately by:

Py = )1 Rpeop [1 + 0.007
(ATJA + T) - 25)
where I+ = RMS value of “tran-

sistor current™

Rp(on) = ON resistance at 25°C
Ta = ambient temperature -
°C
AT A = temperature rise. junc-
tion-to-ambient
The term within the brackets [ ]

accounts for the typical 0.7% increase
in Rp(on) per degree C temperature
rise above 25° C. The data sheet can
be consulted for a more accurate
value of temperature coefficient for
any specific device.

The switching energy depends upon
the voltage and current being switched
and the type of load. The total switch-
ing loss, Pg, is the total switching
energy, e, multiplied by the operat-
ing frequency, f. ey is the sum of the
energies due to the individual switch-
ings that take place in each funda-
mental operating cycle.

Pg=er-f

The total power dissipation is the
sum of the conduction power, Py,
and the switching power, Pg.

P = PT + Pg
= 23 Rpon [1 +0.007
AT,A*'-[) -25)]“’ PS
Since:
ATja = PRja
where:
Rja = junction-to-ambient therm-

al resistance
The required value of Ry for a
given value of ATy, is given by:

Rja =
ATjA
ErRpom[1+0.007(AT o+ Tp-25)]+ Pg

The junction-to-ambient thermal re-
sistance, Rja. is made up of the
internal junction-to-case thermal re-
sistance. Rjc. plus the case-to-heat-
sink thermal resistance. Reg. plus
the sink-to-ambient thermal resist-
ance. Rga. The first two terms are
fixed for the device. and the required
thermal resistance of the heatsink,
Rg.a. for a given junction tempera-
ture rise ATj. 5. can be calculated
from:

Rs.a = Rpa-(Ryc * Reg)

Pay Attention to Circuit Layout

Stray inductance in the circuit can
cause overvoltage transients, slowing
down of the switching speed, unex-
pected unbalance of current between
parallel connected devices, and un-
wanted oscillations.

In order to minimize these effects,
stray circuit inductance must be min-
imized. This is done by keeping con-
duction paths as short as possible, by
minimizing the area of current loops,
by using twisted pairs of leads, and

CURRENT

INDUCTIVE
LOAD

Figure 8. Switching on the HEXFET into a Conducting Rectifier Can Result in High
Peak Current, due to Reverse Recovery of Rectifier.

TO STAY WITHIN RMS RATING, MAXII
MV‘MJEOFM("ID/\ D.
SO LONG AS o~ 1o (ax)-

Figure 9. To Stay Within |5 RMS Rating,
Maximum Permissible Value of
lpy is Ip/v/D, so long as lpy
< 'D(max)'
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by using ground plane construction.
Local decoupling capacitors alleviate
the affects of any residual circuit
inductance, once these measures have
been taken.

Circuit layout should be kept as
symmetrical as possible in order to
maintain balanced currents in paral-
lel connected HEXFETs. The gates
of parallel connected devices should
be decoupled by small ferrite beads
placed over the gate connections, or
by individual resistors in series with
each gate. These measures prevent
parasitic oscillations.

Be Careful When Using the Integral
Body-Drain Diode

The HEXFET s integral body-drain
diode exhibits minority carrier re-
verse recovery. Reverse recovery pre-
sents a potential problem when
switching any rectifier off; the slower
the rectifier, the greater the problem.
The HEXFET?s rectifier is relatively
fast — not as fast as the fastest dis-
crete rectifiers available, but consid-
erably faster than comparably related
conventional general purpose rectifi-
ers. By comparison with the HEX-
FET itself, on the other hand, the
switching speed of the integral reverse
rectifier is quite slow. The switching
speed of a circuit which utilizes the
body-drain diode of the HEXFET
may therefore be limited by the recti-
fier. Whether this will be so depends
upon the circuit and the operating
conditions.

The most common applications of
the HEXFET in which the switching
speed, and hence frequency, will po-
tentially be limited by the rectifier,
are DC to DC choppers, and inver-
ters for regulated power supplies,
electric motor controllers, and so on,
in which “multiple” voltage pulses

N | CURRENT IS

T o INDUCTIVE LOAD IN THE

e e
-

Figure 10. Local Circuit Configuration
and Operating Condition
Requiring Special Care
When Using the HEXFET's
Integral Body-Drain Diode.

are used. Fortunately, these applica-
tions generally do not require ultra-
fast switching, and hence they can
tolerate the reverse recovery charac-
teristic of the rectifier.

Regardless of the overall circuit
configuration, or the particular appli-
cation, the “local” circuit operating
situation that is troublesome occurs
when the freewheeling current from
an inductive load iscommutated from
the integral rectifier of one HEXFET
to the transistor of an “opposite™
HEXFET, the two devices forming a
tandem series connected pair across a
low impedance voltage source, as
shown in Figure 10. This “local ™ cir-
cuit configuration occurs in most
chopper and inverter schemes.

If the incoming HEXFET switches
ON too rapidly, the peak reverse rec-
overy current of the integral body-
draindiode of the opposite HEXFET
will rise too rapidly, the peak reverse
recovery current rating will be ex-
ceeded, and the device may possibly
be destroyed.

The peak reverse recovery current
of the rectifier can be reduced by
slowing down the rate of change of
current during the commutation pro-
cess. The rate of change of current
can be controlled by purposefully
slowing down the rate of rise of the
gate driving pulse. Using this tech-
nique, the peak current can be re-
duced to almost any desired extent,
at the expense of prolonging the high
dissipation switching period. The os-
cillograms in Figure 11 illustrate the
effect. By slowing the total switch-
ON time from 300ns to 1.8us, the
peak current of the IRF330 has been
decreased from 20A to 10A. The
energy dissipation associated with
the “unrestrained” switch-ON in Fig-
ure 11(a)is 0.9mJ, whereasitis 2.7mJ

(@) limax) = 20A, di/dt = 50A/us.
Switching time = 300 nsec.

for the controlled switch-ON of Fig-
ure 11(b). Note, however, that the
average switching losses at a switch-
ing frequency of, say 5kHz, are quite
manageable — 4.5W and 13.5W for
Figures 11(a)and 1 [(b), respectively.

Note also that it is not necessary to
slow the switching-OFF of the HEX-
FET, hence the energy dissipation at
switch-OFF will be relatively small
by comparison with that at switch-
ON. For operation at frequencies up
toafew kHz, where ultra-fast switch-
ing is not mandatory, slowing the
applied gate drive signal to reduce
the peak reverse recovery current of
the “opposite™ rectifier offers a good
practical solution.

Be On Your Guard When Comparing
Current Ratings

The user can be forgiven if he
assumes that the continuous drain
current rating, Ip, that appears on
the data sheet represents the current
at which the device can actually be
operated continuously in a practical
system. To be sure, that’s what it
should represent; unfortunately it
often does not.

Most manufacturers assign a “con-
tinuous™ current rating to the device
which in practical terms cannot be
used, because the resulting conduc-
tion power dissipation would be so
large as to require a heatsink with an
impractically low thermal resistance,
and/oranimpractically low ambient
operating temperature.

Table 1 is an illustration of the
present lack of standardization of
current ratings amongst different
MOSFET manufacturers. The devi-
ces with higher ON-resistance are
seen to have generally higher current
ratings assigned to them than the
lower ON-resistance parts — a tra-

(b) | (max) 20A, di/dt = 50A/us.
Switching time 1.8us.

Figure 11. Oscillograms of IRF330 Switching into Reverse Rectifier of Another
IRF330 with Freewheeling Current of 4A.

Top Trace:

Time Scale:  2us/div.

Voltage 100V/div.
Bottom Trace: Current 4A/div.
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vesty of the “correct™ situation that
would, and should, exist if all types
of given chip size and junction-to-
case thermal resistance were rated on
the basis of a given power dissipa-
tion. R
The best advice to the user 1s to

compare different types on the basis
of ON-resistance, and not of I rat-
ing. Fortunately, all manufacturers
specify Rpony at 25°C, and this pro-
vides a common basis for compari-
son. This parameter, taken in con-
junction with the junction-case ther-

Table 1. Comparison of Different Manufacturers’ Practices for Assigning
Current Ratings (All Parts are Rated 400V)

Calculated
Device Rpyon) Ip RO [Tcmax) Applicable to Ip

Type Ohms Amps °C/W °C
IRF330 1.0 4 1.67 90
MTP565 1.5 5 1.67 25
HPWR6504 1.0 S 1.39 80

VN4001A 1.5 8 ? <257

VNO0340B1 1.5 8 ? <257

mal resistance (which, unfortunately,
not all manufacturers specify), is a
much better indication of the HEX-
FET’s true current handling capabil-

ity.
Conclusions

Power HEXFETs have many ad-
vantages. When properly applied they
yield an overall system design that
frequently has fewer components, is
lighter and more compact, and has
better performance than can be ob-
tained with other types of devices.

In common with all power semi-
conductors, power HEXFETs do
have their own little technical subtle-
ties. If these subtleties are properly
understood, the potential pitfalls can
be easily overcome, at minimal cost
— and potentially great reward. O
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CHAPTER 3

APPLICATION NOTE 949

Current Ratings, Safe Operating Area,
and High Frequency Switching Performance
of Power HEXFETSs

By S. CLEMENTE, B.R. PELLY, R. RUTTONSHA

Summary

This application note discusses the
current handling capability, safe op-
erating area, and power dissipation
ofa HEXFET power MOSFET. Itis
shown that the HEXFET?s ability to
carry current is essentially limited
only by junction heating, both for the
“switched” and “linear” modes of
operation — unlike the bipolar tran-
sistor, which is limited by gain and
second breakdown. For this reason,
peak current ratings of HEXFETs
are phenomenally high by compari-
son with those of bipolar transistors.

Examples are given which show
how the HEXFET’s current carrying
ability can be utilized, and how the
power dissipation of a HEXFET
compares with that of a fast switch-
ing bipolar transistor, as a function
of operating frequency.

Introduction

International Rectifier HEXFETs
are well established in a variety of
applications which previously have
been served by bipolar transistors,
and are continuing to find many new
applications. Designers who are fa-
miliar with the practical derating fac-
tors that need to be applied when
designing with bipolar transistors fre-
quently do not realize that the criteria
for determining HEXFET ratings
are quite different, and as a result
often select a HEXFET which is
oversized for the job. Thiscanhave a
significant bearing on the cost effec-
tiveness of the design.

The purpose of this application
note is to explain the basis of the

current ratings and Safe Operating
Area (SOA) of power HEXFETs,
and thus enable the user to make a
properly informed choice of HEX-
FET for his particular application.

A practical comparison of the power
losses of a HEXFET and a bipolar
transistor is also given. Whereas the
conduction losses of a bipolar are
generally lower than those of the
HEXFET, the switching losses are
significantly higher. Base drive power
for the bipolaralso reduces efficiency.

Test results are presented which
illustrate the difference in losses of
the HEXFET and the bipolar tran-
sistor as a function of frequency. The
HEXFET is shown to be generally
more efficient above frequencies in
the 20 to 40 kHz range.

Bipolar Transistor Current Ratings

It will help to set the stage by first
considering the basis of the current
ratings of a bipolar transistor. Where-
as the continuous and peak current
ratings of a bipolar that are “head-
lined” in the data sheet are theoretic-
ally valid, they are hardly ever usable
in practice. A basis for specifying the
current ratings of bipolar transistors
has been adopted in the industry
which unfortunatelyis not representa-
tive of usable current levels; it simply
provides a yardstick for making com-
parisons between different products
on a reasonably common basis.

The Achilles’ heel of the bipolar’s
current carrying capability is the crit-
ical question of the attendant gain,
saturation voltage and switching time
at elevated operating temperature.
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These supporting parameters are usu-
ally specified at “rated” current at a
junction temperature of 25° C (where
they give the appearance of acceptabi-
lity), but the data sheet usually does
not specify their values at higher “op-
erating”junction temperature (where
they are usually not so acceptable).

In reality the bipolaris not intended
to be used at its headlined “rated”
continuous current. To do so would
require an inconveniently large
amount of drive current, and the sat-
uration voltage and switching times
would be hard to live with ina practi-
cal design, in which the normal junc-
tion operating temperature would, of
course, be well in excess of 25°C.

A good maximum design operating
level for a bipolar transistor is typical-
ly 60 to 70% of the headlined “con-
tinuous” collector current rating; ex-
perienced users know this and design
to it. Device manufacturers know it,
too; this is why the data sheet speci-
fies the minimum gain, maximum
saturation voltage and maximum
switching times at elevated junction
temperature (usually 100°C), at a
collector current which is 60 to 70%
of the headlined “rated” value, but
not at the “rated” current itself.

An example will illustrate this. The
industry-standard 2N6542/ 3 bipolar
transistor has a “headlined” continu-
ous collector rating of SA. The maxi-
mum value of Vcgsar), the corres-
ponding forced gain, and the maxi-
mum switching times at elevated
temperature (T¢ = 100°C) are, how-
ever, specified at a collector current
of only 3A. If the designer really



wants to use this device at its head-
lined “rated” current, he will have to
refer to the manufacturer to deter-
mine the critical “worst case” sup-
porting data needed to design the cir-
cuit; this information will not be
found on the data sheet.

The rated peak collector current of
a bipolar is even more tenuous than
the rated continuous value. This is
usually specified without reference to
the required base drive current. Con-
sider the 2N6542/ 3. The peak collec-
tor current rating headlined on the
data sheet is 10A. Not specified is the
base current needed to produce this
collector current.

The DC gain curve, reproduced
from the data sheet in Figure 1, ter-
minates at the “continuous”collector
current rating of SA. Bearing in mind
that this is anyway a typical curve, it
is a matter of conjecture what the
minimum gain will be at a collector
current of 10A, at elevated operating
temperature — and hence what base
current will be needed to support the
10A peak collector current rating.

In reality the gain will likely be less
than the unity. The 2N6542/3 device
would therefore have to be driven
with a base current of at least 10A in
order to utilize its peak collector cur-
rent rating of 10A — an untenable
situation for most practical designs.

Current Ratings of MOSFETSs

Continuous Ratings
The MOSFET is quite a different

device to a bipolar, and its continu-
ous I rating is based upon quite
different considerations. Whereas the
usable current of a bipolar is basically
limited by gain, this is not the case
with a power MOSFET. Figure 2
shows a typical relationship between
transconductance ofa HEXFET and
a drain current. Transconductance
increases with increasing drain cur-
rent — just the opposite situation
than with a bipolar transistor. Ob-
viously the HEXFET — unlike the
bipolar — is not going to “run out of
gain” as the drain current increases.

Switching speed is generally much
faster than. that of a bipolar. With
proper drive circuit design, switching
speed of a HEXFET varies relatively
slightly as the current increases, and
is not a factor in determining the
rated current. This can be deduced
from Figure 3, which shows a typical
relationship between gate charge,
gate voltage, and drain current for a
HEXFET. For a given gate charging
current, switching speed is directly
proportional to gate charge. The gate
charge required for switching, and
hence switching speed itself, is not
influenced greatly by the amplitude
of thedrain current, and notat all by
junction operating temperature.

The major criterion on which the
continuous rating of a HEXFET is
based is heat removal. The HEXFET
will carry as much current as the
cooling system will permit, while
keeping peak junction temperature

within the rated maximum value.
The more efficient the heat dissipator
to which the HEXFET is attached,
the lower the case temperature will
be, the greater the permitted case-to-
junction temperature rise, the greater
the permitted internal power dissipa-
tion, and the greater permissible cur-
rent. These considerations are, of
course, exactly the same as those
which apply to other non-gain-
limited power semiconductor devices,
such as rectifiers and thyristors.

Usable current, Ip, fora HEXFET
is therefore:

= T.lmax - TC

In =
P Rpsion) Rinwo)

where R pg(op) is the limiting value of
the on-resistance at rated T ju,x), at
the appropriate value of Ip, Ry,jc is
the maximum value of internal junc-
tion-to-case thermal resistance, and
T is the case temperature.

Figure 4 shows the continuous cur-
rent rating of the IRF330 HEXFET
as a function of case temperature.
Note that below a case temperature
of 25°C, the continuous I, rating is
limited by the current carrying capac-
ity of the internal source bonding
wire. But this is not a practical limita-
tion.

Figure 4 also shows the relationship
between HEXFET internal power
dissipation and drain current. Power
is proportional to the square of the
current, so rises quite rapidly as cur-
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rent increases. The required heatsink
DC thermal resistance decreases quite
rapidly with increasing continuous
drain current, for two reasons. First,
permissible case-to-ambient temper-
ature decreases; and second, power
dissipation increases.

For this reason the usable continu-
ous direct current of a power MOS-
FET for most practical purposes re-
lates to a case temperature around 90
to 100°C. This allows a sufficient dif-
ferential between case and ambient
temperature for the heat dissipator to
handle the heat transfer, maintaining
the case temperature at or below the
permitted maximum.

The “headlined ” continuous current
rating shown on the data sheets of
most power MOSFETSs is usually
greater than the above practically
usable level of continuous drain cur-
rent. This is because the case tempera-
ture adopted by the industry to which
the “headlined” continuous I rating
applies is only 25°C.

Figure 5 shows typical heatsinks for
TO-3 and TO-220 packaged HEX-
FETs that allow them to operate ina
40°C ambient at a continuous direct
drain current that is 60 to 70% of the
rated continuous drain current at T¢
= 25°C; the corresponding steady
case temperature is about 100°C.

Actually, the continuous current
rating of a MOSFET is often of little
direct use to the designer, other than
as a benchmark. This is because in
many switching applications the

MOSFET operates at a switching
duty cycle considerably less than
100%, and what is really of interest is
the current-carrying capability of the
device under the actual “switched”
operating conditions. This is dis-
cussed in the next section.

Switching “Duty Cycle” Ratings

As has beenseen, the basic criterion
that determines the current-carrying
capability of a HEXFET is junction
heating. For most practical purposes,
the HEXFET can carry any wave-
form of current under any “duty
cycle”, just so long as the peak junc-
tion temperature is kept within the
rated T(jpax (150°C). (The RMS
content of the current wave must not
exceed the continuous I rating, in
order not to exceed the RMS current
carrying capability of the source
bonding wire. Compliance with this
will generally be a natural result of
compliance with the condition
above.)

Peak junction temperature for any
“duty cycle” application can be cal-
culated directly from the transient
thermal impedance characteristics for
the device, as given in the data sheet.
Transient thermal impedance curves
for the IRF330 HEXFET are shown
in Figure 6. Each of these curves is
normalized to the steady DC junc-
tion-to-case thermal resistance (1.67
deg. C/Watts for the IRF330).

The curve labelled “single pulse”
shows the rise of junction tempera-

*Thermal Impedance = Normalized Value x DC Thermal Resistance

ture per watt of power dissipation as
a function of pulse duration. As
expected, junction temperature rise
increases as pulse duration increases
— leveling off to a steady value for
pulse durationsabove 1 second or so.

The “single pulse” curve is useful
for determining transient junction
temperature rise for single or very
low duty cycle pulses of power; it is
not directly usable for repetitive
power pulses, such as are usually
encountered in switching applica-
tions. The remaining curves in Figure
6 show effective thermal impedance
for repetitive operation at different
duty cycles, and allow peak junction
temperature rise for repetitive opera-
tion to be calculated directly. These
curves are approximately related to
the single pulse curve, by the follow-
ing relationship:

Effective normalized thermal im-
pedance.

= D+(1-D) x(normalized transient

thermal impedance for single pulse

of duration t).

The effective thermal impedance,*
when multiplied by the power dissi-
pation during the conduction period t
(i.e., the power within the conduction
pulse itself, not the power averaged
over the whole cycle), gives the value
of the repetitive peak junction-to-
case temperature rise.

As seen from Figure 6, the effective
thermal impedance forany duty cycle
D increases as pulse duration in-
creases, showing that the peak junc-
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Figure 3. Typical Relationships for IRF330 HEXFET Between Gate

Charge, Gate Voltage and Amplitude of Drain Current
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(a) Type 621-A heatsink gives 4A
continuous rating for IRF331 with
5 CFM airflow in 40° C ambient.

(b) Type 641-A heatsink gives 3.5A
continuous rating for IRF331 with
natural convection cooling in 40°C
ambient.

Figure 5. Typical Heatsinks for HEXFETS. (Heatsinks by Wakefield)

(c) Type 689-75 B4 heatsink gives 1A

continuous rating for IRF710 with
natural convection cooling in 40°C
ambient.
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tion temperature rise increases as
frequency decreases. The reason for
thisisillustrated by the waveforms in
Figure 7 (a) and (b). Both sets of
waveforms are for the same power
dissipation and duty cycle, but for
different operating frequencies. The
cycle-by-cycle fluctuations of junc-
tion temperature at 20Hz (Figure
7[a]) are clearly greater thanat 200Hz
(Figure 7[b]). As frequency increases,
thermal inertia of the junction “irons
out”instantaneous temperature fluc-
tuations, and the junction responds
more to average, rather than peak,
power dissipation. At frequencies
above a few kHz, and duty cycles
above 20% or so, cycle-by-cycle tem-
perature fluctuations usually become
small, and peak junction tempera-
ture rise becomes equal to the aver-

age power dissipation multiplied by
the DC junction-to-case thermal re-
sistance, within one or two percent.

To determine the absolute value of
the peak junction temperature, it is,
of course, necessary to know the case
temperature T cunder steady operat-
ing conditions. Because of thermal
inertia, the heatsink responds only to
average power dissipation (except at
extremely low frequencies which gen-
erally will not be of practical inter-
est). T is therefore given by:

Te=Ta + (Rypes * Ruwsa) Pav
where:

T = ambient temperature

Ric.s = case-to-sink thermal resist-
ance

Rys.a = sink-to-ambient thermal re-
sistance
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average power dissipation
peak power x duty cycle,
for rectangular pulses of
power

Peak Current Ratings

The underlying limitation on cur-
rent handling capability of a HEX-
FET is junction heating. It is able to
carry peak current well in excess of
its continuous Iy rating, provided
that the rated junction temperature is
not exceeded. There is, however, an
upper limit on the permissible cur-
rent, defined by the rated Ipy. Most
HEXFETs have an Iy, rating thatis
about4X the continuous I rating at
T =25°C. This is a very substantial
peak current carrying capability by
comparison with the Iy rating of a

non

- bipolar — especially when it is rec-
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ognized that the Ip,, rating of a
HEXFET is usable, whereas the 1¢y
rating of a bipolar generally is not.

The Ipy limit of a HEXFET is
determined by the fact thatitis, after
all, fundamentally a “linear” device.
As drain current increases, the point
eventually is reached at which the
HEXFET goes into “linear” opera-
tion and starts to act, in effect, as a
current limiter. This point depends
upon the drive voltage applied to the
gate, the safe limit of which is deter-
mined by the thickness of the oxide
that insulates the gate from the body
of the device. Ipy ratings of all
HEXFETs are achievable with an

applied gate voltage that is equal to
the maximum permissible gate-to-
source voltage of 20V.

Designers often do not know how
to interpret the I,y rating. Data
sheets typically give little or no sup-
porting information, and no direct
indication of whether this is a non-
repetitive or repetitive rating. The
fact is that the Ip)y rating of all
HEXFETs can be used both for
repetitive and non-repetitive opera-
tion, so long as the junction tempera-
ture is kept within the rated Tj,.
Peak junction temperature can be
calculated from the thermal impe-
dance data for the device (shown in

Figure 6). The 1), rating is simply a
“ceiling™; below this ceiling, the de-
signer 1s free to move, provided the
Tjmax rating is not violated.

Use of the HEXFET’s peak current
ratings is illustrated by the oscillo-
grams in Figures 8 through 10. Fig-
ure 8 shows operation of the 500V
rated IRF450 at a repetitive peak
current of 52A. The conduction time
of the rectangular current pulse is
7 us, and the operating frequency is
1kHz. The rated continuous Ip (at
Tc =25°C) of this device is 13A, and
its rated Ipy is 52A.

Figure 9 illustrates the use of the
Ipp rating of the 100V IRF150 HEX-
FET for a “single shot” low duty
cycle application, such as capacitor
charging or motor starting. The peak
currentis 150A, decaying to 50A inap-
proximately 10 milliseconds. Figure
10 illustrates similar duty, but in this
case, the initial peak current is 100A,
decreasing to 30A in approximately
400 milliseconds. The rated continu-
ous Ip (at T =25°C) of the IRF150
is 40A, and its rated Iy is 160A.

It should be pointed out that the
on-resistance of any MOSFET does
increase as current increases. As
shownin Figure 11, the on-resistance
of a 100V rated HEXFET at its rated
Ipm with 20V applied to the gate is
tyically 1.4 x the value at the rated Ip;
the corresponding multiplier for a
400V rated HEXFET is 2.9. This
increase of on-resistance must, of
course, be taken into account when
making thermal calculations and de-
signing for use of the Ipy rating.

Safe Operating Area of MOSFET

It has been tacitly assumed so far
that the HEXFET is operated as a
“closed switch” in the “fully en-

20A/DIV 20 us/D

Figure 8. 52A, 7 us Pulses Being Carried by
IRF450 at Frequency of 1kHz.

v

50A/DIV 2us/DIV

Figure 9. Single Shot 150A peak Exponentially

the

Decaying Pulse Applied to the IRF150.
Time Constant = 8msec
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hanced” mode; the amount of cur-
rent that the switch can handle has
been shown to be calculatable for any
specific design situation from a
knowledge of the conduction losses,
the effective transient thermal im-
pedance, and the heatsink thermal
resistance.

MOSFET data sheets generally
show a graph of Safe Operating
Area, for single pulses of power of
varying duration, which for the most
part cover areas of “linear” rather
than “fully enhanced” operation.
These curves embrace drain current
and voltage values up to rated Ipy
and Vpg, respectively. A typical SOA

curve, for the IRF330, is shown in
Figure 12.

SOA curves for HEXFETs are
based upon a case temperature of
25°C, and an internal power dissipa-
tion that increases the junction tem-
perature to 150°C at the end of the
power pulse. Since HEXFETSs, unlike
bipolar transistors, do not exhibit
second breakdown, SOA curves for
each pulse duration invariably follow
a line of constant power at all volt-
ages less than rated maximum Vpg
and more than the “fully enhanced”
VDS(on ID xR

éOA curves (for HEXFETs in
reahty are redundant, because they
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can be calculated directly from the
single pulse transient thermal impe-
dancedata. Norare they particularly
useful from the circuit design view-
point, because they apply to single
pulses at a case temperature of 25°C
— conditions not generally encoun-
tered in practice.

Why, then, are the SOA curves
included in the MOSFET’s data
sheet? The reason is that if they were
not, their absence would raise ques-
tions in designers’ minds. Users who
are accustomed to bipolar transistors
have come to look upon the SOA
curves for these devices as being vital
— as indeed they are — because they
define the bipolar’s second break-
down limits.

SOA curves for HEXFETS, on the
other hand, are in essence nothing
more than a graphical statement of
the absence of second breakdown —
vital information, to be sure, but
information which in reality need not
be conveyed through a set of some-
what arbitrary curves.

The oscillograms in Figure 13 (a)
and (b) are a verification of the
HEXFET’s SOA data. Figure 13 (a)
shows a 10 microsecond 150A pulse
of current being applied to the 100V
IRF150 HEXFET, with an applied
drain-to-source voltage of 80V. Fig-
ure 13 (b) shows a 10 microsecond
50A pulse of current being applied to
the 500V rated IRF450 with an app-
lied drain-to-source voltage of 400V

Design Examples

The following examples illustrate
typical design procedures:

Repetitive Operation —
30% Duty Cycle

A 400V rated HEXFET and a cor-
responding heatsink are required for
continuous operation with a rectan-
gular current waveform. Amplitude
of the current is 3.5A, duty cycle is
30%, and ambient temperature is
45°C. Switching losses and cycle-by-
cycle fluctuations of junction tem-
perature can be ignored.

Candidate devices would be the
IRF332 and IRF320. Key ratings
and characteristics for these devices
are shown in Table 1.

- Conduction losses for IRF332:

=35x11.55x03
= 12.1W

Required Ryj.4 = 150 - 45
=8.7°C/W
Required Ryys o = 8.7-1.97
6.7°C/W

Conduction losses for IRF320:
=35x139x0.3
= 14.6W



Required Ry 5 “5104-645! Table 1. Design details for IRF332 and IRF320 HEXFET’s

=7.2°C/W IRF332 IRF320
Required Ryg.a =7.2-3.12 Vps Volts 400 400
=4°C/W e
Ip @ T¢ =25°C Amps 45 3.0
These calculations show that either Vpsion) @ 5A, 150°C Volts 11.55 13.9
of the candidate HEXFETs could =
serve the application. The smaller  Rin-c C/W 1.67 3.12
IRF320 (almost half the chip size of °
the IRF332) would require a rela- Runcs C/.W 02 0.2
tively larger (though quite practical) Approximate die size mil2 19,250 11,700

heatsink, and would dissipate 14.6

instead of 1.21W giving about a 1%

reduction in overall system efficiency. NSNS
The final choice of device will de-

pend upon trade-offs betweenecono- 100

mics, size, and performance. The i i

1
main purpose of this example has OPERATION INT
been to demonstrate that there is a 50 SAREA IS LIMITED
choice, and that either of two HEX- BY RDS(on)

FET types are viable candidates. RE330 1 1

Repetitive Operation at High Peak M —== ____eﬂs
Current, Low Duty Cycle - IRF332, 3
It is required to find the thermal | A NN
resistance of the heatsink needed to 10 T
operate the 400V, 5.5A (continuous) —IRF330, 1 0L
rated IRF330 HEXFET with a re pet- 5 [y ~ ST
itive rectangular current waveform F—IRF332 3
of amplitude 18A. On-time is 10 ; N J}100ms ]
microseconds, and dutycycle is 0.1%. / \\ NN N 1
Ambient temperature is 40°C. 7 ]
The limiting on-resistance of the
IRF330 at I, = 5.5A at 25°Cis 1.0
ohm. Knowing that 100% Iy =22A,
the limiting value of Rpg,, at Ip = —T;=25°C !
18A canbeestimated from Figure 11 05 1" 15000 MAX STy 10 ms
to be 2.3 ohms at 25°C. From the — J ) N TTT
relationship between Rpg(,,) and — Rinyg = 1-67 KW N 100 msfy
temperature given in the data sheet, 0.2 |—SINGLE PULSE IRF331, 3
RDS(on) at T_] =150°C and ID = 18A 'IRIF‘!3130 '2 —~+H
will be about 5.1 ohms. el | |

T
11
Tt

1
HIS
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Ip, DRAIN CURRENT (AMPERES)

o

N

1

0.1
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. T Vps, DRAIN-TO-SOURCE VOLTAGE (VOLTS)
Junction-to-case transient thermal
impedance for 10 us pulse (from Fig-
ure 6):

Power per pulse

=1.67 x0.03 Figure 12. Safe Operating Area, IRF330 HEXFET.
=0.05°C/W

VOLTAGE

VOLTAGE
80V 400v
150A

—50A
CURRENT CURRENT

(a) IRF150, 50A/div, 2us/div (b) IRF450, 20A/div, 2us/div

Figure 13. Oscillograms Verifying SOA Curves of HEXFETs, Demonstrating the Absence of Second Breakdown
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Junction-to-case temperature rise
due to 18A pulse:
=1.652 x 10® x 0.05
=82.6°C.

Maximum permissible case tem-
perature:
=150-82.6=67.4°C
Tc-Tp =67.4-40=274°C
Average power dissipation:
=0.01 x 1.652 x 10°
=1.652W

274

= mz 16.6°C/W

~ Ruca

High Peak Current, Single Pulse
Operation

The IRF330 HEXFET is to be
pulsed with a current having an initial
amplitude of 20A, and an exponen-
tial waveform with a time constant of
150 usec. Case temperature is 30°C.
Verify that the peak junction tem-
perature does not exceed 150°C.

Asanapproximation, an equivalent
rectangular pulse of current will be
assumed, with an amplitude of 15A,
and a duration of 150 microseconds.

RDS o) for the IRF330 @ I = 15A,

§5 C, is 1.8 ohms. At 150°C,

RDS(O,,) is approximately 2.2 x this
value (see above example), and is
about 4.0 ohms.

Equivalent “rectangular power™:

=152 x 4.0 = 900W

Junction-to-case transient thermal
impedance for 150 microsecond pulse
(from Figure 6):

=0.065x1.67=0.11°C/W

" Junction-to-case temperature
rise
=0.11x900=99°C
LTy =30+99°C=129°C
Hence, this operating condition is
within the capability of the IRF330.

Comparison of MOSFET and Bi-
polar Losses

Conduction power ina bipolar tran-
sistor is generally lower than in a
MOSFET, but switching energy is
usually considerably higher. The bi-
polar, therefore, tends to be more
efficient at low frequency, while the
MOSFET is more efficient at high
frequency.

Inan effort to close the gap between
bipolar and MOSFET performance
in high frequency switching applica-
tions, several new types of fast switch-
ing bipolar transistors have recently
been introduced, with switching times
in the order to 100 to 200 nanosec-
onds. It is pertinent to compare the
losses of these new bipolar types with
those of comparably rated MOS-
FETs.

Figure 14 shows measured power

8.0

T T
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» PR
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Figure 14. Power Dissipation Versus Frequency for 2N6542/3, Fast Switching
Bipolar, and IRF330 HEXFET. Supply Voltage = 270V. Conduction Duty
Cycle = 0.33. Current Amplitude = 2.5A.

dissipation as a function of frequency
for the IRF330 HEXFET, the in-
dustry-standard 2N6542/3 bipolar
transistor, and a newly introduced
fast switching bipolar. Power losses
were obtained by measuring the case
temperature rise of the device mount-
ed on a calibrated heatsink. Thermal
resistance from case-to-ambient was
approximately 4.5 deg. C/W. A
clamped inductive load was used.

Details of the three device types
listed are summarized in Table 2.
Note that the die area for the HEX-
FET is approximately 80% of that of
each of the bipolar transistors —
thus, the comparison is weighted in
favor of the larger-die bipolar devices.

Figure 14 shows that the frequency
crossover point for the HEXFET
and the 2N6542/3 is approximately
25kHz, while it is approximately
35kHzfor the HEXFET and the fast-
switching bipolar transistor. Operat-
ing conditions were: circuit supply
voltage = 270V, peak current = 2.5A,
duty cycle = 33%.

Note that the “full” curves repre-
sent only the dissipation within the

Table 2. Details of Devices Tested

device. Additional power is dissipated
in the external base drive circuit of
the bipolar. The “dashed” curve for
the fast-switching bipolar includes an
additional 1.3W of external base drive
power. This corresponds to an 8V,
0.5A drive circuit, operating at 33%
duty cycle.

Figure 15 shows collector current
and voltage oscillograms for the fast-
switching bipolar transistor operat-
ing at 100kHz, and Figure 16 shows
drain current and voltage oscillo-
grams for the HEXFET at 100kHz.
Note the sharper HEXFET wave-
forms, confirming its faster switching
speed.

Oscillograms of base drive current
for the bipolar and gate drive current
for the HEXFET are shown in Fig-
ure 17 (a) and (b), respectively. The
bipolar requires a significant base
drive current both at turn-on —
about 1A peak — and at turn-off —
2.5A peak. The HEXFET, by com-
parison, consumes about 0.3A for a
few nanoseconds at turn-on, and
about 0.2A for a few nanoseconds at
turn-off. This current charges and

IRF330 2N6542/3 |Fast-Switching
HEXFET Bipolar Bipolar
Vps Volts 400 400 450 Vceosus)
ey 6 5| Hemgsd
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Figure 15. Collector Current and Voltage Waveforms for Fast-Switching Bipolar Operating at 100kHz.
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Figure 16. Drain Current and Voltage Waveforms for IRF330 HEXFET Operating at 100kHz.
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Figure 17. (a) Base Drive Current for Fast Switching Bipolar (b) Gate Drive Current for IRF330 HEXFET Operating
Operating at 2.5A, 100kHz. Vo = 270V at 2.5A, 100kHz. Vpp = 270V.
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discharges the self-capacitance of the
device. Note the change of current
scale between Figure 17 (a) and (b).
Average gate drive power for the
HEXFET is negligible — about one-
fiftieth of a wattat 100k Hz. Although
the bipolar is driven with 1A peak
base current, it nonetheless exhibitsa
noticeable voltage “tailing” at turn-
on, as seen in Figure 15 (b).

The oscillograms in Figure 18 com-
pare the instantaneous power and
energy dissipation for the fast-switch-
ing bipolar and the HEXFET. Figure
18 (a) shows instantaneous power,
while Figure 18 (b) shows the integral
of the power; in other words, the
accumulated energy dissipated dur-
ing the conduction period.

Clearly the energy expended in the
bipolar at turn-on and at turn-off is
greater th