TOSHIBA

5. Reliability of Individual Device Types

5.7 Power

Transistor Reliability

571 Overview

(1) Features
Power transistors are, literally, devices for handling power. In general, this includes any
transistor whose allowable collector dissipation Pc is greater than 1 watt. However, the
characteristics and packages of power transistors vary greatly accotding to the application.
Typically, power transistors are classified by application (switching or audio) or by
package (molded or canister). In recent years, the molded package has become prevalent
because of its price competitiveness and improved reliability. There are also a few
products which are supplied in a composite module package.
Power transistors of up to Pc = 300 W are available. Since power transistors are at the
heart of application equipment, they must be highly reliable.

(2) Chip structures
Power transistors are fabricated with a chip structure appropriate for the intended
application. The various chip structures used in power transistors are listed in Table 5.7.1.

Table 5.7.1 Power transistor chip structures
Transistor Type Features Application Structure
High withstand voltage Large current-switching capacity .
Mesa Wide SOA Low-frequency power amplification Figure 5.7.1
L Low saturation voltage High-speed switching .
Planar Epitaxial Good heg linearity High-frequency power amplification Figure 5.7.2
Triple- Wide SOA Low-frequency power amplification Figure 5.7.2
diffused Low price (Note)
Note: Epitaxial wafer is used.

Emitter electrode Base electrode
Emitter electrode
N* Base electrode
e SiO2
[ ——P
N
N+
Collector
Collector
Figure 5.7.1 Glass mesa structure Figure 5.7.2 Epitaxial planar structure
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5.7.2

&)

Internal structure

Power transistors normally have a source, gate and drain as internal chip electrodes.
Generally, the collector is mounted on a frame that extends directly from the underside of
the chip to serve as an external lead, while the emitter and base are connected to their
respective leads with bonding wires.

A molded package transistor whose collector and heat sink are isolated from each other
(referred to as an “isolated” transistor) has its frame coated with resin to an overall, even
thickness of several hundred um. This structure ensures that the specified isolation voltage
is met and at the same time offers low thermal resistance. In addition, when a heat sink is
not used, the high thermal conductivity of the resin provides better collector dissipation
than conventional products.

Heat sink
Chip

Heat sink
Chip

Figure 5.7.3 Molded package type  Figure 5.7.4 TO-220 (AB) package type

Heat sink

Bonding wire

Figure 5.7.5 TO-126 (IS) package type

Usage Precautions

(D

Absolute maximum ratings

Transistor absolute maximum ratings are stipulated for three parameters: voltage, current
and temperature. For power transistors, however, there are other equally, if not more,
important parameters that must be considered, as described below.

(a) Safe operating area

The operating range within which transistors can be used safely without fear of
breakdown or degradation is referred to as the safe operating area (SOA).

The operating range of transistors is normally limited by their maximum ratings,
including the maximum voltage, maximum current and maximum collector
dissipation. Power transistors used in large amplifiers or circuits with inductive loads,
however, can degrade or break down even if operated within their absolute maximum
ratings. This is attributable to a transistor phenomenon known as secondary
breakdown.
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The discovery of the secondary breakdown phenomenon in 1958 by C. G. Thornton, C. D.
Simmons, et al gave rise to the concept of the safe operating area (SOA) as a means, along
with the absolute maximum ratings, of regulating the operating range of transistors. An
understanding of this concept is essential for designing economical, yet highly reliable,

Ic

transistor circuits.

Figure 5.7.6 Collector output characteristics

Eg/g (MJ)

Post /B curve 1) Secondary Breakdown
DC S/B curve The secondary breakdown (S/B)
o phenomenon occurs when certain voltage-
S Constant Ig curve .
current points (Vg/p, [s/p) are reached (as
the current continues to increase after a
- Common-emitter avalanche breakdown primary breakdown) and the collector-to-
emitter voltage drops rapidly. This causes a
SR transition into the low-impedance region
--_.:;‘)\ \ ; (within several us or less) as shown in
=N b icso locus Figure 5.7.6, often resulting in a breakdown
e of the transistor.
Ve This phenomenon is observed regardless of

whether the base-to-emitter is forward- or

and S/B curves reverse-biased, and can occur with either

Vceo or Vego. However, the S/B onset

points (Vg/B. Is/g) do vary with base bias conditions and line up along the locus of the S/B
curve as shown in Figure 5.7.6. Although the diagram shows the S/B phenomenon for a

DC case, because the S/B onset characteristic is highly energy-dependent, the S/B curve

varies with the applied pulse width.

g The S/B curve defines the SOA with respect to the pulse. F
\é . shows the relationship between the pulse width of the
o Esp applied power and the S/B. As the pulse width becomes
% 10 // narrow, the secondary breakdown energy (called triggering
- 7“ Psie energy, referring to the energy that is absorbed by the
@ /’ transistor until S/B is reached) decreases, and the S/B power
2 10 tolerance increases.

&% 10ps 100ps 1ms 10ms

Pulse width rb

Figure 5.7.7 Pulse width vs. Eg/g and Pg/g

Although many possible causes have been suggested for the S/B phenomenon, most
people agree today on a theory which holds that a high-temperature area (called a “hot
spot™) is generated by a local concentration of current. This hot spot gives rise to what is
known as “local thermal runaway”. The current concentration is said to be caused by a
voltage drop in the base area or an unstable temperature distribution in a lateral direction.

Current concentration can also be triggered by an uneven base width, a junction defect, or
uneven fitting of the chip to the heat sink.
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(b) Forward-bias S/B

When the base-to-emitter interval is forward-biased, a hot spot due to local current
concentration is generated in the emitter periphery.

This is because the base current flowing immediately below the emitter in the lateral
direction causes a voltage drop in the base area such that the emitter outer-edge sections
are biased more than the emitter’s central center section. For this reason, minority carrier
injection into the base occurs mostly in the emitter periphery, and current density
increases as shown in Figure 5.7.8 (a) and (b). Carriers crossing the collector depletion
layer cause the power dissipation to increase and thus cause local heating. This, in turn,
causes further current concentration. A vicious circle is thus entered, leading eventually to
the generation of a hot spot and subsequent secondary breakdown.

Electrodes +VBE
Emitter | i Bias level
Base 1 1
a b ¢
Collector Va A
a b ¢
Figure 5.7.8 (a) Planar transistor Figure 5.7.8 (b) Emitter forward bias

The relationship between S/B and transistor
characteristics

V{: Base-emitter diode threshold
voltage. The hatched section

indicates the area in which .
minority carriers Current Igp at the S/B onset point of a forward-

are injected from the emitter. biased transistor is closely related to the
transistors’ characteristics. When carriers injected
from the emitter to the base area reach the

Vd L1 collector junction, they generally fan out into a

b ;
2 © cone-shaped pattern. If the carriers take a long

Figure 5.7.8 (c) Emitter reverse bias (i 4 traverse the base area (this is known as the

transit time), current density will have decreased by the time the carriers reach the
collector depletion layer, making it less likely for a hot spot to occur. Since the carrier

transit time is determined by the base width and the drift tield in the base area, Is/

exhibits a strong correlation with the transistor frequency characteristic. Thus, ft and Isp
have a negative correlation irrespective of the pulse width, as shown in Figure 5.7.9.

1 K
Is/g = H
\_— ‘\/f_T
K: Constant determined by

base width, drift field and
Transition frequency ft bias condition

S/B onset power Ig/g

Figure 5.7.9 Relationship between Ig/g and f1
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(©)

(d)

Reverse-bias S/B

When the base-to-emitter interval is reverse-biased, the voltage drop in the base area
is in a direction opposite to that of the forward-biased case.

For this reason, carriers injected from the emitter concentrate in the center section of
the emitter as shown in Figure 5.7.8 (c). (This carrier concentration varies according
to transistor type. For ring-shaped emitters, it occurs at a single spot at the center of
the emitter; for comb-shaped emitters, it occurs along a line at the center of the
emitter.)

The greater the reverse bias, the more the carriers tend to concentrate in a very small
centeral area. Accordingly, the triggering energy of a reverse-biased transistor (the
energy absorbed by the transistor up until S/B occurs) is much smaller than that of a
torward-biased transistor. Since the carriers injected from the emitter fan out as they
propagate (as described above for the forward-biased case), the base width and the
presence of a drift field in the base area have a strong correlation with S/B.

Reverse-biased S/B occurs mainly when there is an inductive load. The triggering

energy Fg/g depends on the inductance L and on the base-emitter conditions, as
shown in Figure 5.7.10.

>
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b ~Vee L

Inductance L
Base-emitter resistance Rgg
Base-emitter voltage Vgg

Figure 5.7.10 Dependency of S/B triggering energy Eg/g upon load
inductance and base-emitter conditions

S/B phenomenon and transistor destruction/degradation

When S/B occurs, its effects on the transistor’s electrical characteristics vary
according to the type of the transistor. If the applied power is small, or the current is
shut off the moment S/B occurs, the changes in electrical characteristics will be slight,
or degradation will be gradual, even if S/B occurs repeatedly. In other cases, however,
the transistor can break down after even a single occurrence of S/B.

A general symptom that can be observed in the electrical characteristics of transistors
degraded or destroyed by S/B is a softening in the waveform, or a complete shorting
out of VERo, VBo or Vero. In particular, a short between the emitter and collector
is a typical symptom degradation caused by S/B. often associated with a hole melting
from emitter to collector. In other cases, S/B tolerance can be reduced, even while
other electrical characteristics appear normal, when the S/B triggering energy Es/p
becomes small, causing the transistor to become more susceptible to breakdown.
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Reverse-bias SOA

Reverse-bias SOA cannot be determined as easily as forward-bias SOA. In L-load
switching circuits, TV horizontal detlection output circuits and DC-DC converters,
however, the base-emitter junction is often subjected to high voltages while it is
reverse-biased. Therefore, the reverse-bias SOA is an important consideration in
these circuits.

Figure 5.7.11 (a) shows the Ic-L characteristic of a transistor under certain reverse-
bias conditions. Figure 5.7.11(b) and (c) show the derating of I¢ for changes in Vg3

and Rpga respectively. In simple L-load circuits, the SOA can be obtained directly
from Figure 5.7.11. For more complex circuits, however, the effective value of L
must first be determined before Figure 5.7.11 is consulted.

Normally, it is very difficult to find a generally applicable SOA like the one shown in
Figure 5.7.11. For users too it is difficult to determine the SOA by obtaining the
effective L. from actual circuits and then using the diagrams. For this reason, Toshiba
specify the SOA for its products in terms of Ic, Vg2 and Rgpa according to the
products’ intended use of the transistor and reject devices whose load characteristics

do not conform to Figure 5.7.12 or which exhibit oscillation or flickering in the load
curve.

Typical Regz = 50 O

12 L =125uH
10} ;
Typical

Veg2 =4V
L=125uH
Minimum

Minimum

OoON b O
T T T
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Peak collector current (A)
Peak collector current (A)
[e2]

20 40 60 80 100 120 9 8 -7 6 -5 4 3 2 1

(a) Inductance L (uH) (b) Rgg2 (€2 (c) VBB(2) (V)

Collector current Ic (MmA)

Figure 5.7.11 Examples of reverse-bias SOA

VB2 =0V Rpp2 =220 Q2

Collector-to-emitter voltage Ve (V)
Applying 150 mA of collector peak current.
The voltage is measured at point a where
700 VCER(SUS) The current drops to 100 mA.

Figure 5.7.12 Example of reverse-bias SOA
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(f) Maximum fastening torque

When using power transistors with a heat sink, take care not to apply excessive
torque when tightening screws, to avoid cracking the plastic case or the transistor
chip itself.

Table 5.7.2 lists recommended screw-tightening torques for each package type.

Table 5.7.2
Package Screw-Tightening
JEDEC Toshiba Name Torque (max)
TO-220AB 2-10A1A 0.6 Nem
TO-220 (IS) 2-10L1A 0.6 Nem
TO-126 (IS) 2-8H1A 0.4 Nem
TO-3P 2-16B1A, C1A 0.8 Nem
TO-3P (NIS) 2-16F1A 0.6 Nem
TO-3P (L) 2-21F1A 0.8 Nem
TO-3P (H) (BS) 2-16D2A 0.8 Nem
TO-3P (H) (IS) 2-16E2A 0.6 Nem

(g) Derating

Since power transistors handle large amounts of power, power loss within the device

due to operating conditions or circuit design can cause the junction temperature Tj to
increase, narrowing the safe operating area (SOA). When designing circuits that use
power transistors, you must derate the maximum values as shown below. Figure
5.7.13 shows some sample derating curves.

100 T T 100
—_ N\ S/Blimited —_ K S/B-limited
2 15% & 50%
S 50 > S 50 | \‘ >
k= Thermal- £ Thermal- IN_
® limited \J ® Limited
8 1 r'y 8 0 1
0 50 100 150 200 0 50 100 150 200
T¢ (°C) T¢ (°C)
(a) Epitaxial type (b) Triple-diffused type

Figure 5.7.13 Temperature deratings for SOA

Note: The above diagram shows examples of SOA temperature derating in the
thermal-limited and S/B-limited areas for epitaxial and triple-diffused
structure transistors respectively.
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(2) Applying usage precautions

@ Attaching a heat sink

A heat sink is required for power transistors when the supply voltage, current load or
ambient temperature is such that heat radiation is required. When using a heat sink, the
following precautions must be observed to obtain sufficient heat radiation and to avoid
applying stress to the transistor.

(a)

(b)

Applying silicone grease

Apply a coating of silicone grease between the heat sink and the transistor to improve
heat conductivity. Be sure to apply the coating thinly and evenly; do not use too
much. Also, be sure to use a non-volatile grease, as volatile greases can crack over
time, lessening the heat radiation capability.

If the transistor is housed in a plastic package, the fype of silicone grease to be
applied between the heat sink and the device must be selected carefully. With some
types of greases, the base oil separates and penetrates the plastic package,
significantly reducing the useful life of the device.

Two recommended silicone greases in which base oil separation is not a problem are
YG6260 from Toshiba Silicone and G746 from Shinetsu Chemical Ind.

The above precautions do not apply to metal-sealed transistors.

Silicone grease
(thin, even coating)

Transistor
E;Insulating mica

Figure 5.7.14 Applying a coating of silicone grease

Fastening screws

Do not fasten screws with forces greater than the maximum fastening torque listed in
Table 5.7.2. Excessive tightening can damage the device.

Figure 5.7.15 shows how thermal resistance becomes sufficiently saturated at a
certain tightening torque.
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dc+ Os (CCIW)
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® NA NA
@ NA YG6260

()

(d)

Figure 5.7.15

Heat sink screws and screw hole diameters

When mounting power transistors on a circuit board, use the recommended mounting
method and screws.

Do not use flush head screws as they subject the device to abnormal stresses. When
using tapping screws, be careful of the debris that gets generated and make sure that
the screw holes diameters of the in the heat sink are not too large.

Clamping with a band

When clamping one or more power transistors with a band, as shown in
Figure 5.7.16, remember that the metal fixture applies pressure to the mold package.
In some cases, the resulting mechanical stress can cause the device to break down.
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5.7.3

Note also that with isolated transistor types, the dielectric strength of the upper surface of
the mold (the marked surface) is not guaranteed. Hence the transistor may not be properly
insulated from the heat sink.

When considering the band clamp method for attaching power transistors to a circuit
board, please consult first with the Toshiba Engineering Division.

Heat sink

I
Figure 5.7.16

® Destruction

Power transistors are often used in applications where the capacity on the power supply
side is large and the impedance (load) between the power transistor and power supply is
very low.

If a power transistor fails for some reason under these conditions, it can explode,
generating a loud noise and possibly producing smoke or fumes.

When safety problems or other problems are anticipated, consider installing a protective
unit and an appropriate fuse.

Reliability Characteristics
(1) Reliability test results

As an example, Table 5.7.3 lists the results of reliability tests conducted for a
plastic-encapsulated low-frequency power amplification transistor. Table 5.7.3 lists the
failure criteria applied during the test.

A basic method frequently used to evaluate reliability is to have a device in operation and
to perform a detailed analysis of the changes that occur in its characteristics over time. As
an example, Figure 5.7.17 to 5.7.19 show changes in characteristics that occurred during
the lifetime test described in Table 5.7.3.

Test results indicate that, alchough the debice was perated as its absolute maximum
ratings, the initial characteristics remained stable over a long period of time. Consequently,
this device can be expected to offer high reliability in an application.
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Table 5.7.3 Reliability test results for 28SD1406 low-frequency power amplification transistor

Applicable No. Of No. Of
Test Item Standard Test Conditions Device Device
JIS C7021 Tested Failures
Steady-state B-4 Pc =2 W, Ta = 25°C, 1,000 hrs 30 0
operation
2 High-t t Ta = 150°C, Vcg=48V
2 ig emPera ure B8 cB a0 0
Pt reverse bias 1,000 hrs
Q .
High-temperature
£ | Mon-emperaly B-10 Ta = 150°C, 1,000 hrs 30 0
8 storage
—
High-temperature,
Ta = 60°C, RH = 90%
high-humidity B-11 a C. ; 30 0
1,000 hrs
storage
260°C, 10 secs, once
% Soldering heat A-1 (immersed 1.5 mm from base of 32 0
it device)
E -55°C to 25°C to 150°C to 25°
g Temperature cycling A-4 Cto Cto Cto © 50 0
s 100 cycles
E Thermal shock A-3 100°C to 0°C, 50 cycles 32 0
w Ta =to 65°C, RH to 90% to 98%
Moisture resistance A-5 a=to C. ° oo ’ 32 0
10 cycles
100 Hz to 2,000 Hz, 196 m/s? (20
Vibration A-10 0 Hz to 2,000 Hz, 196 m/s* (20 ¢) 11 0
4 times each in 3 directions
2
(2]
% | Mechanical shock A7 14.700m/s” (1,500 g), 0.5 ms 11 0
2 3 times each in 4 directions
@ Constant A9 196,000 m/s® (20,000 g) 1 0
§ acceleration 1 minute each in 6 directions
3 Lead integrity A-11 500 g, bent 90° 3 times 11 0
= Dropping A-8 75 cm, on maple board, 3 times 11 0
230°C, 5 secs
Solderabilit A-2 11 0
y (using designated flux)
Table 2.7.3 Failure Criteria for 28D1406
Measuring Conditions Criteria
Parameter Symbol 9 — - Remarks
(Ta = 25°C) minimum maximum
Collector cut-off current lcBo Veg=60V,IE=0 — 200 pA USL x 2
Emitter cut-off current IEBO VER=7V,Ilc=0 — 200 pA USL x 2
DC current USL x 1.2
h Vee=5V,Ic=05A 48 360
amplification rate FE CE c LSL x 0.8
Collector-to-emitter
VeEO lc=50mA, Ig=0 54V — LSL x 0.9
breakdown voltage

USL: Upper specification limit; LSL: Lower specification limit
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lcBo Veg=60V,Ig =0, Ta=25C
0 hrs 168 hrs 500 hrs 1,000 hrs
10 pA—El = = _E|
1uayg 3 E 3
100 nA—E| - = 5
10nA— E 3 E
- - __| _-'
= __‘ = =
1 nA—El | 3 -
—-EHH: o T t E+H
n i - -HH HHHHH
H - -H
100 pA— — — -

Figure 5.7.17 Icgo results from steady-state operation lifetime test for the
28D1406 low-frequency power amplification transistor

V(BR)CEO lc =50 mA, Ip=0, Ta=25°C

0 hrs 168 hrs 500 hrs 1000 hrs
150 v— -] =]
140 v — =
130 v — -
120 v — =
+ F F
10V = =¥
100 V ::_i: :_‘ —:%‘H‘
90 v —+ —+
:-I :-I :-I
80 V] = =
70 v — -
60 V] — =

Figure 5.7.18 V(BR)CEO results from steady-state operation lifetime test for the
25D1406 low-frequency power amplification transistor
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hrE

Vee=5V, Ic =500 mA, Ta=25°C
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Figure 5.7.19 Transistor hpg results from steady-state operation lifetime test for the

28D1406 low-frequency power amplification transistor

(2) Reliability characteristics (thermal fatigue test)

Application circuits which use power transistors usually generate heat due to power
loss in the device itself, as described earlier. Consequently, a heat radiation design
sufficient to suppress heat to the derated junction temperature must be determined
based on the device’s absolute maximum ratings. Depending on the application
circuit, however, the usage duty (the number of times the device switches on and off
within a period of time) may be more important than the conduction time. In such
cases, reliability is measured by the yardstick referred to as the thermal fatigue test
(TFT).

The thermal fatigue test (TFT) is generally used to evaluate the eftects of change in
the case temperature (or junction temperature) combined with repeated on-off
cycling. The test is performed in an environment that simulates actual working
conditions by turning the power on and off repeatedly within a short period of time (1
~ 3 minutes) while forced cooling is applied.

Failure modes in the test include @ degradation of the chip mounting, @ chip
cracking, and @ bonding faults. These failures are thought to be due to the
ditferences between the thermal expansion coefficients of the materials used in the
construction of the power transistor (e.g. the silicon of the chip, the molding material,
solder and chip coating material) causing internal mechanical stress in the device.
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Test cycle (cycles)

Figure 5.7.20 shows TFT data for a 2SD1406 transistor housed in a TO-220 (IS)

package. At junction temperature AT; = 100°C, 10% defects occur after about 300k
cycles (the device is turned on and off 300,000 times).

The 2SD1406 is designed for general-purpose applications at a rated voltage of
60 V at 3 A. A common application is as a series regulator. Assuming that it is
applied in a typical household TV under the following conditions:

T(max) < 120°C, Ta(max) = 60°C

Set life = 5 years, Usage frequency = 5 times / day

ATj=60°C and n = 9k cycles is required.

Considering the performance capabilities shown in Figure 5.7.20, the 2SD1406 can
be used under the conditions given above without problems.

29 F=10%

Test Conditions: ton = 1 minute
] toFF = 2 minutes
1 Thermal Resistance 100%

i Flucutuation Point

10 20 50 100 200

Change in junction temperature (4T°C)

Figure 5.7.20 2SD1406 TFT performance curve
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5.8 Power MOSFET Reliability

5.8.1 Overview

(1

2

Features

In principle, power MOSFETSs operate using majority carriers only. Consequently, they
are free of the minority carrier problems found in bipolar transistors, such as the storage
effect during switching and secondary breakdown. Power MOSFETs are therefore suited
to high-speed, low-loss, high-power applications.

@  Unlike current-controlled bipolar transistors, MOSFETs are voltage-controlled
devices. They are driven by the voltage applied between the gate and the source.
Very little power is required to drive MOSFETs.

@  As majority carrier devices, MOSFETs do not have a storage time delay (tstg) due to
carrier storage effects. They are therefore capable of high-frequency switching.

®  Current concentration in the high-voltage area for bipolar transistors can lead to
junction breakdown due to the secondary breakdown phenomenon, Hence, the
operating conditions must be carefully taken into account if bipolar transistors are to
be used safely. Power MOSFETs do not exhibit the secondary breakdown
phenomenon thanks to their on-resistance temperature characteristics. Accordingly,
they have a larger safe operating area.

Device types
Power MOSFETs are broadly classified into three types, as shown in Figure 5.8.1.

Figure 5.8.1(a) shows an enhanced version of the small-signal MOSFET which obtains
high-voltage tolerance through an ion-implantation process to add a high-resistance layer
to its offset gate structure. However, the extended channel length of this structure is
reduces the degree of intefration possible.

The MOSFET shown in Figure 5.8.1(b) obtains high voltage tolerance using a V-groove
(or U-groove) gate and by forming channels through double-diffusion and anisotropic
etching. This structure can cause current concentration at the tip of the groove, making it
unsuitable for applications requiring high voltage tolerance. It is used, however, in power
MOSFET applications where a low voltage tolerance level is acceptable.

The MOSFET shown in Figure 5.8.1(c), high voltage tolerance can be obtained by the
formation of double-diffused channels. This structure is referred to as double-diffusion
MOS (DMOS).

With the DMOS structure, the gate area (which becomes the channel) and the source area
(doped into high concentration) are diffused on a high-resistance drain substrate through
the same diffusion window. This creates a difference in diffusion depth between the two
areas, thus forming the channel. The impurity distribution profile derived from the
formation of the gate-drain junction shows a smaller concentration on the drain side.
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An advantage of the DMOS structure is that when drain voltage is applied, the depletion
layer extends further towards the drain side than the channel side. For even a very short
channel, this prevents reduced withstand voltage due to punch-through effects, making
high voltage-tolerance design possible.

In addition, circuit integration can be increased by devising a structure in which the drain
electrode is taken from the reverse side of the substrate; this is advantageous for high-
power design. At the same time, since this structure is equivalent to a cascade-connected
power MOSFET and junction FET, it helps reduce the feedback capacitance of the power
MOSFET.

Unlike the two other types of MOSFET shown in Figure 5.8.1(a) and (b), the DMOS
structure allows high voltage tolerance as well as low-cost, high-current designs which
can be implemented easily and mass produced. The DMOS structure is widely used in
power MOSFETs for standard power amplifier designs.

Source Gate Source Gate
Source T/—| |—?—| |
Gate Drain L - :___J L_J —
) o 2 J LF? m
1 "
I :
)
Drain Drain
(a) Lateral structure (b) V-groove structure (c) Double-diffusion structure

Figure 5.8.1 Power MOSFET structures

(3) Internal structure

Power MOSFETSs normally have the source, gate and drain as their internal chip
electrodes. Generally, the drain is mounted on a frame that extends directly from the
reverse side of the chip to serve as an external lead, while the source and gate are
connected to their external leads by bonding wires.

5.8.2 Usage Precautions
(1) Absolute maximum ratings

(a) Drain-to-source voltage absolute maximum rating

There are four ways to stipulate the power MOSFET drain-source breakdown
voltage. Which one one selected depends on the gate-to-source bias condition mode.
Figure 5.8.2 shows each of these modes.

@ Vpss: Voltage between drain and source when the gate-to-source junction is
zero-biased (the first “S” in the suffix denotes “short™.)

@ Vpsgx: Voltage between drain and source when the gate-to-source junction is

biased (for example, when Vgg = —3 V is applied to an N-channel
MOSFET.)

® Vpsr: Voltage between drain and source when the gate-to-source junction is
shunted with a resistor (the “R” in the suffix denotes “shunt resistor™.)

5-119



TOSHIBA 5. Reliability of Individual Device Types

With a fully enhanced power MOSFET, the relationship Vpgs = Vpsx can be established
for each of the three breakdown voltage modes described above. Furthermore, if an
arbitrary resistance is inserted between gate and source, the measured drain-to-source

breakdown voltage (Vpsr mode) should differ little from that of Vpgy mode and, hence,
it can be established that Vpgs =~ Vpsx = Vpgr. Consequently, none of the drain-to-
source breakdown voltages can be greater than the stipulated Vpgg absolute maximum
rating. This means that Vpgg must never be exceeded, even momentarily.

@ Vpgo: Voltage between the drain and source when the gate is open

In Vpso mode, since the input impedance of the power MOSFET itself is
very high, the gate-to-source junction may be biased to the ON state by
electrostatic induction or other factors, damaging the device. You should
therefore not use power MOSFETs in this mode.

D D

=, F e F N S C A 4

o
-Vas
(a) Vpss mode (b) Vpsx mode (¢) Vpbsr mode (d) Vpso mode
< device can
break down

Figure 5.8.2 Drain-to-source breakdown voltages

(b) Gate-source voltage absolute maximum rating

Vss: Voltage between gate and source when the drain and source are shorted together.

Vss is attributed to the breakdown voltage of the gate oxide film. The Vggs
absolute maximum rating normally stipulated for MOSFETs is 20 V. This results
in a practical voltage amplitude and gives good reliability.
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(2) Precautions when using power MOSFETs

(a)

(b)

Effects of wiring inductance

The switching speed of power MOSFETs is greater than that of bipolar transistors by
more than an order of magnitude. They can therefore out-perform most other devices
in high-speed switching applications. However, this high-speed switching
characteristic can result in a voltage surge when stray inductance Ls is applied to the
FET, unless care is taken in the circuit design. The amplitude of Vsurge is

Vsurge=—(Ls + L's) * di / dt + Vpp Ls
P_m_

This value must have sufficient margin
relative to the drain-to-source

breakdown voltage Vpss.

Furthermore, to repress this value, ] + Vop
di/dt or stray inductance must be o—=;

reduced. Since reducing di/dt is o—

contrary to the original purpose of m';‘

high-speed switching, the only
available method is to reduce the stray
inductance.

Figure 5.8.3 Stray inductance in circuit

Using copper plating instead of wire reduces inductance significantly. Similarly, the
voltage surge can be effectively reduced by inserting a capacitor in the circuit as
shown in Figure 5.8.3.

Parasitic oscillation

Power MOSFETs tend toward parasitic oscillation more easily than bipolar
transistors. This is attributable to their inherently large high-frequency gain
characteristic. Parasitic oscillation occurs when the input-to-output coupling is
strengthened by gate-to-drain capacitance (Crss) or stray wiring capacitance (Cs),
thereby converting the impedance on the input side to a load resistance. This problem
can be prevented as shown in Figure 5.8.4.

Insert a ferrite
bead.

Insert a resistor
to reduce gain.

Use thick wire and
reduce the wiring length. .

Figure 5.8.4 Methods for preventing parasitic oscillation
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(¢)

Drain current Ip (A)

@ Use thick wire and reduce the wiring length. Use of twisted-pair wiring
prevents cross-talk between the gate and drain signals, and other signals.

@ Insert a ferrite bead as close to the gate as possible.
® Insert a resistor in series with the gate.
Applying forward bias to achieve a safe operating area

Unlike bipolar transistors, power MOSFETSs do not cause secondary breakdown in
high-voltage regions because their structure frees them from the problem of current
concentration. The safe operating area (SOA) of a power MOSFET can be expressed
in terms of thermal resistance using the equal power load lines shown in Figure 5.8.5,
with pulse width as the parameter.

Safe operating area

40 T L T Ell’lll
Ip(max) (pluse) * I B
20 it 710 8"
e R \ 6,100 ps*
108 100ms . e 1 ms*
L N .
g‘ F Ip (max) = - ra
[ (continuous N2 S,
. ( inuou - g S
N T
b.
2 \R ‘\ \\.
* N 3] 10 ms*
One-shot pulse Ny
1] Te=25°C L Simae~
82 When determining the sage . e
| operating area, performance
0.4} derating with respect to
temperature must be taken |
0.2 into account. T Vpss (Mmax)
0.1 [

2 4 6 10 2 4 6 100 2 4 6 1000

Drain-to-source voltage Vps (V)

Figure 5.8.5 Safe operating area (SOA) of power MOSFET

(d)

Since power MOSFETs do not exhibit a narrowing of the SOA in high-voltage
regions, they can be operated safely within the drain-to-source breakdown voltage.

Reverse-bias safe operating area

When switching devices are used in power-switching applications, such as a
switching power supply, the load becomes inductive. This presents a problem for a
reverse-bias SOA, just as it does for a forward-bias sort.

When bipolar transistors are used in switching power supplies, switching loss is
usually reduced by forcibly reverse-biasing the base-to-emitter junction in order to
reverse the flow of base current Igy and thus reduce tgg and tr. However, if Ig)
increases, the reverse-bias SOA natrows, as shown in £7-! ZHRITHB RO £

A, , thus limiting the load line operating range at the time that the device is
switched off.
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VCEX (sat) mode
L (coil) = 200 uH
Ip1 = 2A, D2 = Variable
8 Duty \< 1% |
~ Ips =-1A
: . A\ s
L Reverse bias A -2A 1
g [SOA of bipolar -2A . 1
= transistors and power !
3 MOSFETS. \
5 For FETs, SOA is not |
‘8‘ 3 narrowed. \ T
2 IN - Vas [
© 2 Measuring conditions for ﬂ‘ !
reverse-bias SOA of power |
MOSFET (2SK539) |
1 L =200 uH i
Ves =15V J 1
0 |

0 200 400 600 800
Vcer(sat) (V)
(a) Reverse-bias SOA of bipolar transistors

L
171
g ———————————
DUT llo L2
5
S Vbs ! = Vpp £
e 4 | 3
V| =V
PG : ZDi | Di = pss ™z
b2 a
o
’J’ Drain-to-source voltage Vps
(b) Reverse-bias SOA measuring circuit and load locus waveform

Figure 5.8.6 Reverse bias safe operating area

For power MOSFETs too, you can reduce tr and to¢r by reverse-biasing the gate-to-
source junction. Since power MOSFETs are majority-carrier devices and inherently
free from carrier storage effects, they do not suffer from a narrowing of the reverse-

bias SOA when the gate reverse voltage V¢ increases.
(e) Source-to-drain diode

A power MOSFETs with the double-diffused structure contains an equivalent diode

between source and drain. The tolerance ratings for the diode forward current Ipr
(Figure 5.8.6) and reverse breakdown voltage are the same, respectively, as those for

the drain current Ip and drain-to-source voltage Vpsg of the power MOSFET.
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The reverse recovery time t;; of the equivalent diode is comparable to that of a fast recovery
diode (FRD). Figure 5.8.7 shows a typical circuit used to measure the reverse recovery time of
the equivalent diode in a power MOSFET.

1
Common surce

. T=25C
<
= 8
x D
=
@ 8 G IDrR
5
Q
Q 4 S /
2
0
e Z
c 4 / 1
‘w Ves =3V A 0
o L™ -1
a o ] ..—// |

0 02 04 -06 -08 -10 -12
Drain-to-source voltage Vps (v)

Figure 5.8.6 Ipr vs. Vps characteristics

{Jﬂ' |
\v)
[ ]
it
—
[ ]

PG
Ves
(a) Reverse recovery time measurement circuit
+15V -
Vas: 0
15V
[~
i
Ipbr: 0 =
h
h
h
v

(b) Reverse recovery time (t;) and electrical charge (Qy)

Figure 5.8.7 Circuit for measuring the reverse recovery time of the
equivalent diode in a power MOSFET
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Power MOSFETSs in motor control circuits are generally used in a bridge configuration with
upper and lower devices that turn on and off alternately.

Assume in Figure 5.8.8 that power MOSFETs Qq and Q4 turn on, allowing current A to flow.
When FETQ1 turns off to control the motor speed, current B flows back through the flywheel
diode in FETQ,. When FETQ1 turns on again, a short-circuit current flows from FETQ to

FETQ; for a duration of t;; until the flywheel diode of FETQ, reverse-recovers, generating heat
due to power loss. Consequently, when using power MOSFETSs for motor control, you should
choose devices whose equivalent diodes have a short t;. Although in principle the internal
equivalent diode of a power MOSFET can be used as the flywheel diode, depending on the
operating conditions some applications may require an external diode as shown in Figure 5.8.9.

r
Q4 Qs
o \A—\ —0
Qs @ Qu = -
o ( B I —o
-

Figure 5.8.8 Motor control circuit using power MOSFETs

TC
SB
Api -»—@
FR L
o—! $R

Figure 5.8.9 Method for connecting Figure 5.8.10 Parasitic transistors in

an external diode power MOSFETs

In addition to the above problems, power MOSFETsS also contain an equivalent parasitic
bipolar transistor between the drain and the source, as shown in Figure 5.8.11. In the MOSFET
transition state (from ON to OFF), the voltage drop due to the resistance R between base and
emitter causes the parasitic transistor to turn on, leading to a breakdown of the device. The
presence of this parasitic transistor must therefore be taken properly into account.
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When using the internal equivalent drain-to-source diode of a power MOSFET in a motor
control application, power supply application or inverter lighting application, it is
recommended that you use a rugged device type such as a menber of the $-MOS III° Series. This
will ensure superior destruction-proof performance, as shown below.

Destruction-proof performance of the internal diode (high-capacity internal diode device)

Measurement circuit

| |
w00 frz'\sﬂgfégss) 7~ MOSIII® (28K1805)

not destrayed
500~ —|— +—

L] 400

300

200—1—Conventional type

destroyeid

HEV 100 T

e fHE 0 ‘

~15V 100 200 300
Voo (V) 100 ns/div

Ior =0 A[TAD @Ipr=7A
n
i

Typical internal high-strength diode device types: 28K1574, 28K1805, 2SK1864,
25K1488, 2SK1855, 28K1865,
28K1745, 285K1856 etc.
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2 accordingly
. 74 | H
D1
Q4] o1 b2 |Qo o

(f) About parallel connections

Since power MOSFETS are free fom thermal runaway and exhibit excellent thermal
stability, parallel connections are easier than with bipolar transistors.

Because bipolar transistors are driven using the base current, they are susceptible to

collapsed current balance due to variations in base-to-emitter voltage V. Parallel
connections with bipolar transistors are therefore problematic. Conversely, because
power MOSFETS are voltage driven, their operation requires only that a drive
voltage be appied to each parallel-connected FET, making parallel connections much
easier with power MOSFETs. However, when controlling high power at high speed,
it is important to choose the appropriate device and to consider variations in device
characteristics. It is particularly important to avoid current concentration, even
during transient states, when connecting devices in parallel, so as to ensure that
current flows evenly to all devices under all load conditions.

Generally, unbalanced current usually occurs at ON and OFF switching transitions.
This is attributable to variations in the switching time of power MOSFETs. This
variation is known to depend largely on the gate-to-source threshold voltage Vi,
That is, the smaller the Vyy,, the faster the MOSFET turns on; and the larger the Vi,
the slower the MOSFET turns on. It has also been observed that the larger the V,

the faster the MOSFET cut-off speed; and the smaller the Vyy, the slower the cut-off
speed. From this observation, it can be assumed that current imbalance occurs

because current concentrates in FETs whose Vy, is small at both turn-on and turn-off.
This king of a current imbalance can cause excessive power dissipation in the device,
leading to breakdown. Thus, taking into account the variations in switching times at

transitions, the Vi, of all parallel-connected power MOSFETs should be equal.

Symmetrically | Vih of Q1 is smaller than that of Qo. |
Vop arranged and wired U U

AAA
\A2

> < Input and output
2 < must be

* V—I separated.

Ip2

O

Figure 5.8.11 Current imbalance in parallel-connected MOSFETs
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5.8.3 Reliability Characteristics
(1) Reliability test results

As an example of reliability-testing, Table 5.8.1 shows results of reliability tests
performed using a plastic-encapsulated power MOSFET.

Table 5.8.2 lists examples of failure criteria applied during the test.

A basic method for evaluating reliability is to have a device in operation and to perform a
detailed analysis of how its characteristics change over time. As an example, Figure 5.8.12
t0 5.8.17 show the changes in characteristics for a device subjected to the lifetime test
described in Table 5.8.1.

Test results indicate that, although the device was operated as its absolute maximum
ratings, the initial characteristics remained stable over a long period of time.

Consequently, this device can be expected to offer high reliability in an application.

Table 5.8.1 Reliability test results for the 28K1124 power MOSFET

Applicable No. of No. of
Test Standard Test Conditions Devices Devices
JIS C7021 Test Failures
teady-stat: Pp = 8.8 W (heat sink used
S y state B4 D ( ink used) 30 0
operation Ta = 25°C, 1,000 hrs
High-t t Ta=150°C, Vas =20V
% ig emPera ure 5.8 GS 30 0
o reverse bias 1,000 hrs
4]
High-temperature
£ | nlomtemp B-10 Ta=150°C, 1,000 hrs 30 0
2 storage
-
High-temperature
Ta =60°C, RH = 90%
high-humidity B-11 ° 30 0
1,000 hrs
storage
260°C, 10 secs, once
i) Soldering heat A1 ) . 32 0
2 (immersed 1.5 mm from device base)
b —-55°C to 25°C to 150°C to 25°C
g Temperature cycling A-4 50 0
E 100 cycles
,g Thermal shock A-3 100°C to 0°C, 50 cycles 32 o]
0 . . Ta = to 65°C, RH = 90% to 98%
Moisture resistance A-5 32 0
10 cycles
.y 100 to 2,000 Hz 196 m/s?
Vibration A-10 . K X i 1 0
4 times each in 3 directions
2 ) 0.5 ms, 14,700 mi/s® (1500 G)
0 Mechanical shock A7 . . o 11 0
S 3 times each in 4 directions
§ Constant 196,000 m/s?
k= ) A-9 ) ) o 11 0
g acceleration 1 minute each in 6 directions
é Lead integrity A-11 500 g, bent 90° 3 times 11 0
Dropping A-8 75 cm, on maple board, 3 times 11 0
Solderabilit A-2 2Z30°C, 5 secs 11 0
Y - (using designated flux)
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Table 5.8.2 Failure Criteria for 2SK1124

Measuring Conditions Criteria
Parameter Symbol — -
(Ta=25°C) minimum maximum
Gate leakage current less Vag =220V, Vps=0 — USL x 2
Drain cut-off current Ipss Vps=60V,Vgs=0 — USL x 2
Drain-to-source
Vpss Ip=10mA, Vgs=0 LSL x 0.9 —
breakdown voltage
Drain-to-source on-
Rps(ON IpD=25A,Vgs=10V — USL x 1.2
resistance ps(ON) D cS 5
USL: Upper specification limit; LSL: Lower specification limit
Ibss Vps=60V,Vgs=0V, Ta=25C
0 hrs 168 hrs 500 hrs 1,000 hrs
10 g 5 3 =
g 3 E E
-H -H - -
H H+H H+H
100 nASEERHH i SRR S
10nA E 3 3
1nAg 3 3 3
100 pA— — — —

Figure 5.8.12 Ipss results from steady-state operation lifetime test for the 28K1124 power MOSFET
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+lgss Veg=+20V, Vpg=0V, Ta=25C
0 hrs 168 hrs 500 hrs 1,000 hrs

1045 3 E 4
1uAg E E E
100 nAg 3 E 3
10nAg 3 E 3
1 ] ] .

i 4 H h
1nA— | = -
3 - 3 3

L, ! 1,

O H T HH

H - -H

100 pA—| — — —

Figure 5.8.13 +lgss results from steady-state operation lifetime test for the 28K1124 power MOSFET

-less Ves=-20V, Vps=0V, Ta=25C
0 hrs 168 hrs 500 hrs 1,000 hrs

~10uAg E 5 1
-1uAg 3 E| 3
-100 nAg E = =
~10nAg E E E
1 . . 7

| 4 H H
-1nAg = =, =
pm =- 3 3
.............. 1 -
1 | B 1 -

:H_H -Eq :4-4 _’ﬂg::::::

~100 pA— — — —

Figure 5.8.14 -lgss results from steady-state operation lifetime test for the 28K1124 power MOSFET
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Vpss Io=10mA, Vgs =0, Ta =25°C
O hrs 168 hrs 500 hrs 1,000 hrs
130 vV

120 V4

110 v
100 V3
90 v

80 V_:_

IR EEEEN [ R EE R

70 v—;-
60 v—f
50 v—i
40 v—z

30 V4

Figure 5.8.15 Vpss results from steady-state operation lifetime test for the 28K1124 power MOSFET

Rps(ON) Vgs=10V Ip=25A Ta=25C
0 hrs 168 hrs 500 hrs 1,000 hrs
0.027
0.026
0.025

0.024

0.023 O

-

T

0.022 HH HHH HH

0.021 O

0.020

0.019

0.018 O

0.017

Figure 5.8.16 Rps results from steady-state operation lifetime test for the 28K1124 power MOSFET
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Time (log time: hrs)

(2) Reliability characteristics (oxide film breakdown over time)

The gate electrodes of power MOSFETs are insulated with thin oxide film. Although the
intrinsic breakdown voltage of the oxide film can reach as much as 10 MV/cm, that of
ordinary oxide film is usually closer to 6 MV/cm ~ 8 MV/cm. This means that for a gate
oxide film thickness of about 1000 A, the breakdown voltage is around 60 V ~ 80 V.

However, even when the applied voltage is below the dielectric breakdown level, over
time the oxide film insulation degrades, leading to an eventual breakdown when it is
subjected to a strong electrical field. This phenomenon is referred to as time-dependent
dielectric breakdown (TDDB).

Figure 5.8.17 is an example showing the lifetime of an actual power MOSFET relative to
the TDDB phenomenon. The diagram shows how, at low temperature, when the applied
voltage between the gate and the source is reduced, the lifetime of the power MOSFET is
extended proportionately. In this example the lifetime of the power MOSFET can be is

lengthened by as much as 20 times by lowering Vg by around 5 V. This suggests that for
applications where reliability is critical, care must be taken not to set the gate-to-source
voltage unnecessarily high.

99% reliability level

20V

B T ]
5‘555%» 10 years

i,

4@ 1 year

10

20 40 60 80 100 120 140 160

Temperature (°C)

Figure 5.8.17 Life of gate oxide film for the 25K1124 power MOSFET
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5.9 IGBT Reliability

591 Overview
(1) Features

Insulated-gate bipolar transistors (IGBTs) combine the high input impedance and high-
speed characteristics of MOSFETs and the high-conduction (low saturation voltage)
characteristics of bipolar transistors. The structure of an IGBT is very much like that of the
Toshiba nt-type MOSFET shown in Figure 5.9.1. The difference is the N*-N" substrate
used in MOSFETs, as opposed to the P'-N~ type used in IGBTs. The IGBT fabrication
steps following the substrate process are therefore basically the same as those for
MOSFETs. Figure 5.9.2 shows an equivalent circuit for the IGBT structure and its device

symbols.
Emitter
Al C
, |/ :
— é///J |:—Gca>te
w J e ] &
P w—l{ p
| Y% K
vt
p* o)
E
Co..?mr (a) Equivalent circuit  (b) Device symbols

Figure 5.9.1 Basic structure of an IGBT Figure 5.9.2 Equivalent circuit and device
symbols for IGBT

The thyristor formed by the PNP-NPN transistor coupling in the equivalent circuit shown
in Figure 5.9.2 has its base and emitter shorted by aluminum patterning to prevent it from
operating, and is therefore considered irrelevant to the basic operation of the IGBT.
Consequently, the equivalent circuit and basic operating mechanism of an IGBT are the
same as those of a MOS-input inverted darlington transistor comprised of an N-channel
enhancement MOSFET in the input stage and a PNP transistor in the output stage.

To turn on an IGBT, first gate voltage is applied to form a channel, then the base current of
the PNP transistor is supplied to inject the minority carrier into the N™ layer region.
Conversely, to turn off an IGBT, the channel is removed to shut down the base current
until all minority carriers are gone. Thus, IGBTSs are driven in exactly the same way, and
have the same high input impedance characteristics, as MOSFETs.
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(2) Packages
IGBTs come in various packages - SMD, TO-3P (L), SIP and MODULE - as appropriate
to their intended application. These packages are illustrated in Figure 5.9.3 to 5.9.6.

(a) SMDs are used for configuring inverter circuits requiring relatively small current
capacity, such as in a hybrid IC. (See Figure 5.9.3.)

(b) A TO-3P (L), a printed circuit board insertion type device, is used in household
equipment applications requiring relatively small current capacity (8 A to 60 A).

(See Figure 5.9.4.)

(c) A SIP is a package for a three-phase inverter circuit configured using six IGBTs. It
can be installed easily on printed circuit boards, although the current capacity is
slightly less than that the TO-3P (L) type described above. (See Figure 5.9.5)

(d) A MODULE consists of IGBTs mounted on a Direct Bond Copper (DBC) board for
insulation purposes and can be fitted to a heat sink easily. Standardized for a rated
current of up to 600 A, this package type is particularly suited to high-power
applications. (See Figure 5.9.6.)

210.3 max. $3.3+0.2

s
©
3
B
]
)
I 6.0

&

a4
[0}

-
ol
11.0 '

2

2.50

20.0+0.6

2.5

1 T
=HERUN || g 28
PR i
D > I
2541025 | | 254:0.25 o3 I M

+0.3 !

6.456+0.15 8.456+0.15
Nt T 3 1. Gate 8z
it E . + 1
=l 3 __‘f_r‘l__ = £ 2. Collector (heat sink) g
o Sy ¢ 3. Emitter
1. Gate
2. Collector (heat sink)
3. Emitter

Figure 5.9.3 Example of an SMD package Figure 5.9.4 Example of a TO-3P (L) package
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Figure 5.9.5 Example of a SIP package
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Figure 5.9.6 Example of a MODULE package

Usage Precautions

(1) Absolute maximum ratings

(1.1)Definition of absolute maximum ratings

Maximum permissible values for current, voltage and power dissipation in IGBTs
are stipulated as absolute maximum ratings.

When designing application circuits using IGBTSs, a good understanding of IGBT
absolute maximum ratings is important to ensure that the devices operate efficiently
and reliably.

Semiconductor devices such as IGBTSs are characterized by the fact that their
electrical characteristics are very sensitive to temperature. Absolute maximum
ratings are specified in order to guard against problems which could arise as a result
of device temperature sensitivity. For example, a rise in the ambient temperature
while a certain voltage is applied to an IGBT will increase the leakage current,
resulting in increased power consumption in the IGBT. This will cause a further rise
in temperature, which will cause a further increase in the leakage current, and so on,
leading to a vicious cycle that can eventually cause the IGBT to break down.

To guarantee a useful lifetime and the reliability of an IGBT, no absolute maximum
rating must ever be exceeded, even momentarily. These values are stipulated
according to the material, design and manufacturing conditions of the IGBT type and
package.
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Furthermore, absolute maximum rating values for any two or more parameters must
not be applied to the IGBT simultaneously.

If an IGBT is used under conditions that exceed the absolute maximum ratings, its
characteristics can be degraded to an unrecoverable level. Therefore, when designing
circuits, you should consider all factors that can cause absolute maximum ratings to
be exceeded, such as fluctuations in the supply voltage, variations in the
characteristics of electrical components, circuit adjustments, changes in ambient
temperature and fluctuations in input signals.

The primary IGBT absolute maximum ratings include the current in each lead (emitter,
gate and collector), voltages across the leads, power dissipation, junction temperature
and storage temperature. These characteristics are closely interrelated (in such a way
that they cannot be considered in isolation) and vary according to external circuit
conditions.

(1.2) Voltage ratings

IGBT input/output circuits are configured so that the emitter electrode is a common
terminal. Stipulated voltage ratings, two of which are described below, include the
collector-to-emitter and gate-to-emitter voltages as well as the bias relationships
between terminals.

Vcegs : This is the maximum collector-to-emitter voltage when the gate is shorted.
Unlike in bipolar transistors, it does not vary with the gate bias, so the

relationship Vegs = Veer ® Verx can usually be established.

Vges : This is the maximum gate-to-emitter voltage when the collector is shorted.
It is related to the withstand voltage capability of the gate oxide film, The
VGES maximum rating is normally stipulated as £20 V. This results in a
practical voltage amplitude and gives good reliability.

(1.3) Current ratings

Maximum current ratings are normally stipulated for Irmax (flywheel diode current)

and Icmax, which flow in the collector electrode. They are determined for an IGBT

taking the following into account:

@ The current at the specified saturation voltage

@ The current at the specified forward voltage (for flywheel diodes, the forward
voltage.)

® The current at which the internal lead wire melts

(1.4) Temperature ratings

The maximum junction temperature Tj(max) depends on the materials from which the
IGBT is fabricated. This rating must be considered not only in terms of device
operability, but also in relation to reliability factors such as degradation and expected
lifetime.

Degradation in IGBTs generally accelerates as the junction temperature increases. It

is known that average lifetime Lm (hours) and junction temperature Tj (K) have the
following relationship, where A and B are special IGBT constants.

log (Lm):A-’-% .............................. (1)

J
The guaranteed lifetime of a device therefore depends on the junction temperature
upper limit determined in accordance with failure rate and reliability. This is set at
150°C for IGBTs.

Storage temperature Tsge stipulates the temperature range within which devices can
be safely stored while not in operation. It is determined by the characteristics and
reliability of the constituent materials and is set at 125°C for IGBTs.
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(1.5) Power rating

Power is dissipated from an IGBT by being converted to thermal energy. This causes
the internal temperature of the device to rise.

The internal power dissipation of an IGBT at a certain operating point is determined
as follows:

collector dissipation Pc=Ic « V¢E.

The maximum power dissipation Pc(max) of an IGBTs is limited by several
parameters. These are the maximum junction temperature Tj(max), described above,
and the reference temperature To the ambient temperature Ta or case temperature Tc).

It is known that these parameters are related to thermal resistance Ry as follows:

Timax+T0 Lo ()
Rth
Thermal resistance is a physical quantity indicating the propensity of the junction
temperature to rise per unit amount of power dissipation; in other words, it describes
the ability of a device to radiate heat. For large power dissipation, the IGBT must

Pcmax =

have a large Pcmax. Good heat radiation design is extremely important, especially
for IGBTs that handle large currents.

(2) Precautions for circuit design
(2.1) Collector-to-emitter voltage Vcgs

The collector-to-emitter voltage is measured after shorting the gate and emitter to one
another.

If it exceeds the break-over voltage, fault symptoms, such as degraded voltage
tolerance, can appear. The applied voltage must therefore not exceed the maximum
rating.

(2.2)Collector-to-emitter sustaining voltage Vcpx(SUS)

The collector-to-emitter sustaining voltage is measured using the circuit shown in

Figure 5.9.7.
oK Fi
VCE (sus)
(a) Measuring (b) Load

Figure 5.9.7 Measuring VcEg (sus)

Ver(SUS) varies with measurement, read-out and base bias conditions. For a small

collector current especially, Vcp(SUS) will be small since the reactance energy is
insufficient to generate the junction capacitance in the P-N junction of the IGBT.
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(2.3) Safe operating area

The operating range within which IGBTs can be used safely without fear of
breakdown or degradation is referred to as the safe operating area (SOA).

The operating range of IGBTs is normally limited by their absolute maximum ratings,
including maximum voltage, maximum current and maximum collector dissipation.
IGBTs used in circuits with inductive loads, however, can degrade or break down
even if operated within their absolute maximum ratings. This is attributable to a
phenomenon in IGBTs known as secondary breakdown (S/B).

@ Secondary breakdown (S/B) phenomenon

The secondary breakdown (S/B) phenomenon occurs when certain voltage-
current points (Vs/g, Is/p) are reached (as the current continues to increase after a
primary breakdown) and the collector-to-emitter voltage drops rapidly. This
causes a transition into the low-impedance region (within 3 or 4 us) as shown in
Figure 5.9.8, often resulting in breakdown of the IGBT.

POST S/B CURVE

DC §/B CURVE

CONSTANT Ig CURVE

Ic

- COMMON EMITTER AVALANCHE BREAKDOWN

-

1
g ) i

=TTy bV
\*H-mao LOCUS

VCE

Figure 5.9.8 Collector output characteristics and S/B curves

@ Forward-bias SOA (FBSOA)

When the gate-to-emitter junction is positively biased and the collector-to-emitter
voltage is low, the collector current flows mostly in the channel area immediately
below the gate and secondary breakdown does not occur. When the collector-to-
emitter voltage rises, however, the collector current in the parasitic transistor can
increase, resulting in secondary breakdown.
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® Reverse bias SOA (RBSOA)

When the gate-to-emitter is negatively biased, current flow in the channel area
immediately below the gate ceases, allowing load current to pass through the
parasitic transistor.

Since the base of the parasitic transistor is always positively biased, reverse-bias
SOA in IGBTs is not dependent on gate bias as is the case with bipolar transistors.

The reverse-bias SOA is measured using the circuit shown in Figure 5.9.9.

Peak voltage Vc is suppressed with a clamping circuit which changes the pulse
width of the DC power supply or gate signal in order to set the collector current

Ic.

The reverse-bias SOA can be obtained by plotting the measured points.

_ - "~ - Vee
Ky T3 A
L
(a) Measuring (b) OQutput
o
Ve
(c) Load

Figure 5.9.9 Reverse-bias SOA

(2.4) Latch-up

When a current that exceeds the rated current flows in an IGBT for a short time only,
the device will not normally break down.

However, if the applied gate-to-emitter voltage is sufficiently high, such that the sum

of parasitic transistor injection efficiencies (apnp + anpN) for the induced current is
greater than 1, the IGBT will act as a thyristor and will be unable to turn off, even
when the gate-to-emitter voltage goes negative. This phenomenon is called latch-up.
Ifthere is a large power dissipation when latch-up occurs, the IGBT may break down.
If the power dissipation is small, the IGBT can be operated without fear of
breakdown, provided that voltage is applied only after the junction temperature has
been lowered by reducing the collector current to zero by some other means.
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VcE,
|c =0

Eon=0

(2.5) Switching characteristics

IGBTs are used mainly as switches in chopper and inverter circuits.

When an IGBT is used in this type of application, the load always includes reactors
or other inductive components and the IGBT"s turn-on / turn-oftf switching
characteristics can deviate rather widely from the electrical characteristics listed in
the IGBT’s datasheet.

Figure 5.9.10 shows the turn-on and turn-off waveforms for an IGBT in an inverter
circuit.

Turn-on waveform Turn-off waveform

Vee
le

Eoff
Eon (turn-off
(turn-on power
power Vee, loss)
loss)

|c =0
Vce |
Eoff=0 ¢

Figure 5.9.10 Switching waveforms for the MG50J2YS1

When a turn-on signal is applied to the IGBT, the collector current first increases and
then peaks, then the collector-to-emitter voltage drops.

When a turn-off signal is applied to the IGBT, the collector-to-emitter voltage
increases until it exceeds the supply voltage, then the current decreases.

The collector-emitter voltage during the current increase and the overshoot at turn-
off time are not determined by the IGBT alone but also by the circuit’s wiring
inductance. It is therefore important to minimize wiring inductance in the circuit. It is
also necessary to evaluate the IGBT under actual mounted conditions when

calculating its switching losses (Eon and EoFp).
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(2.6) Rate of rise of collector current (di/dt)

The di/dt of an IGBT is determined by its gate drive conditions and is not limited by
the turn-on characteristic of the IGBT. However, if di/dt becomes large, the diF/dt of
the fast-recovery diode (FRD) increases simultaneously such that an overvoltage can
be generated by the FRD, or the FRD can break down due to back power.

For an IGBT to be used safely. di/dt must be lowered. However, excessive lowering

increases the turn-on power loss (Eon). Determine the gate resistance R which was
used to measure the device switching characteristic from the specifications, and

choose Rg to be approximately twice that value to determine the di/dt rate. If the
surge voltage is still excessively large, try a different Rg value or add a snubber
circuit.

(2.7) Parallel operation

When using IGBTs in a parallel configuration, the collector current temperature
coefficient generally has a negative effect so that when channel temperature Ty, in

one of the devices rises, the gate-to-emitter voltage Vg increases, suppressing the
collector. This makes thermal runaway unlikely and prevents current concentration.

However, this only applies to static operation. When the parallel-connected devices
are used in a switching application, attention should be paid to the following
problems:

® Oscillation phenomenon

® Current imbalance due to differences in Vgr(OFF), Vcg(sat) and tf
® Current imbalance caused by wiring and other external circuits

@ Oscillation phenomenon

When IGBTs are “directly” connected in parallel, the gate-to-emitter voltage
causes oscillation, inducing an oscillation collector current.

This oscillation current can cause the device to go out of control or increase the
power dissipation. An effective countermeasure is to insert a resistor of several to
10 €2 in series with each gate electrode, as shown in Figure 5.9.11. In the case of
modules, since wiring runs directly from the printed circuit board to the electrode
leads, care must be taken to ensure that the wiring is not too long and that the
inserted resistor is connected as close as possible to the module electrode.

° OD

Ra1 Q4 Q2
o o K

Figure 5.9.11
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@ Current imbalance due to differences in Vgr(OFF), Veg(sat) and tf

When connecting IGBTs that have different Vgep(OFF), Vep(sat) and tf values in
parallel, be sure to connect the gate electrodes in parallel using the method
described in @ above. Since the gate voltages of all parallel-connected IGBTs are
the same, if the gain (Y1s) is assumed to be the same, the collector currents will
vary from IGBT to IGBT.

Furthermore, if one of the devices has a low Vgg(OFF) and more collector
current flows in this device, its channel temperature Tch may increase above that
of the other devices. This causes the gate-to-emitter voltage to increase and the
collector current to decrease with the result that the device is saturated with a
current of arbitrary value.

However, if the difference in divided current is large at turn-off time, current
concentration occurs (rapidly-increasing current flows in one device), causing the
collector-to-emitter voltage change rate dv/dt to be exceeded. Hence it is required

that Vp(sat) be approximately equal in all connected devices. For some large-

current IGBTs, Vcg(sat) ranges for parallel use are given in the datasheets as
shown in Table 5.9.1.

Table 5.9.1 Vcg(sat) classification

Symbol Vce(sat) Range

20V~25V
23V-~28V
26V~31V
29V~34V
32V~37V
35V~40V

Mmoo w >

(2.8) Isolation voltage (Visor,)

IGBT modules are insulated by a DBC circuit board so that multiple modules can be

fitted to a single heat sink. The guaranteed isolation voltage is 2500 V 5c; if a higher
value is required, consult Toshiba or one of its distributors.
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1. Overcurrent
protection

2. Gate voltage protection

3. Safe operating area

4. Overvoltage protection

5. Protection against

(2.9) Protective measures and circuitry

Table 5.9.2 lists protective measures for IGBTs.

General-purpose IGBTs do not suffer from latch-up as long as the gate voltage is held
below the rated value. If this value is exceeded, however, the short-circuit current
increases, making protection against latch-up difficult. A stable gate power supply is

therefore required.

Table 5.9.2 IGBT protection measures

Latch-up prevention 4[ EE;
(@
—L )

Instantaneous overcurrent
Ground overcurrent
Overload

—|: Lack of gate voltage
Gate overvoltage

Voltage clamp
Snubber circuit

—— DC bus overvoltage

— Fin temperature rise

excessive temperature rise

@ Load short-circuit protection

Appropriate gate voltage
Fast overcurrent detection

Gate-controlled cut-off
Gate soft cut-off

When using transistors in bridge-type inverter circuits, the short-circuit capability

of the devices is a very important factor.

Figure 5.9.12 compares the short-circuit capabilities of bipolar junction
transistors (BJTs) and IGBTs. For BJTs, the SOA characteristic deteriorates
rapidly in the high-voltage regions. Conversely, IGBTs exhibit constant power
characteristics, even in the high-voltage regions. Since the short-circuit SOA
expands as the pulse width is narrowed, it is desirable in the case of IGBTs to
detect and suppress overcurrent quickly (within 10 ps).

5-143



TOSHIBA 5. Reliability of Individual Device Types

N 1
1000 .
N IGBT
\ 71000 V series (10 ps)
N
500
N
IGBT
g 1000 V series (50 ps)
S a0 N
BJT
1000 V series (50 us)
I
100
100 300 500 1000
Vee (V)

Figure 5.9.12 Short-circuit SOA characteristic

There are essentially four methods for protecting against short-circuit overcurrent.

Figure 5.9.13 shows the first, and simplest, protection method, whereby the gate signal is
turned off quickly when an overcurrent level is detected. Good overcurrent-detection and
noise-resistance techniques are important for high-speed overcurrent detection. Detection
methods using magnetic balancing hole CT as a current sensor, or alternating CT to detect
current capacitor discharge are available.

Current detector
)

Fault detection

Gate amplifier —"Nv—,

ON/OFF signal

Figure 5.9.13 High-speed overcurrent detection method

A second method is shown in Figure 5.9.14. This is referred to as the test pulse protection
method. The gate signal is maintained as long as the load is normal. In the event of an
abnormality, the gate signal is shut off and the test pulse is held active.

5-144



TOSHIBA 5. Reliability of Individual Device Types

. Differential Ve
A gate

ON/OFF signal Ll

N-del Voltage .
ON-delay |_-| detection

Fault detection

ON/OFF signal I l
Differential gate |-|

Ve M

When overcurrent is detected

Figure 5.9.14 Test pulse protection method

Figure 5.9.15 shows a third method, referred to as the gate change rate control protection
method, in which the circuit is driven by a high-speed ON/OFF signal as long as the load
is normal. In the event of overcurrent, the signal is switched to a slow-falling gate voltage
so that the faulty current is shut off with a gentle transition to reduce surge voltage due to
-Ldi/dt. This allows the protective cut-off to occur within the safe operating area.

High-speed gate

ON/OFF signal

Low-speed gate

Vo]
|
|
1

Voltage
ON-dslay |_'| detection

Fault detection

When normal When overcurrent is detected

Figure 5.9.15 Gate change rate control protection method
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The fourth method, shown in Figure 5.9.16, is referred to as the gate control protection
method. When overcurrent is detected, the gate voltage is reduced to limit the faulty
current. If the condition persists for a certain amount of time, the gate signal is turned off.
This method is resistant to noise and is highly reliable.

O— ZVG

‘\l 3 t “v Gate drive

ON/OFF signal . \
Gate control
ON-delay [
Fault PEDN Voltage

u Ei

detection 'I“j : detetion
(a)
50 A/ div
Vs |
5 us / div

IGBT rating 1000 V, 25 A
(b)

Figure 5.9.16 Gate control protection method

Figure 5.9.17 shows an example in which the short-circuit SOA is increased using the gate
control protection method.

60

Te = 25[°C]
50|

40

Tc =145 [°C)
3ol

Time (us)

IGBT ratings

201 1000V, 25 A

100

0 ] 1 1 1 |
0 200 400 600 800 1000

Supply Voltage [V]

Figure 5.9.17 Expanded short-circuit SOA
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@

Snubber circuit

The IGBT is an easy-to-use power device due to its large safe operating area.
However, its tendency to produce a surge voltage when switched rapidly usually
requires that a clamping circuit be used.

Figure 5.9.18 shows typical snubber circuits and their main features. The circuit
in (a) is the simplest, consisting of only a single capacitor connected between the
DC terminals. It is suitable for 50-Aclass IGBTs.

The circuit in (b) can absorb a large surge energy with a resistance condenser
diode (RCD) snubber at high speed via a capacitor. It is suited to medium-
capacity converters.

The circuit in (¢) has RCD snubbers fitted to each arm so that devices connected
in parallel will have a pair of snubbers for every one or two devices. Note that
diodes should have fast and soft recovery characteristics. To combat a surge
voltages that develop across a diode, connect a ceramic capacitor in parallel to the
diode.

The circuits in (d) and (e) have a large snubbing effect but exhibit large power
dissipation as well. They are used in applications where the [GBT has a small
voltage withstand margin.

Which snubber circuit is most appropriate depends on the main circuit wiring and
gate drive methods, since the surge voltage varies according to these methods.
Therefore, it is important to understand snubber circuit characteristics, and to
determine circuit constants experimentally, before choosing a protective circuit or

(b) (©)

Circuit Scheme

Q

Operating
Waveform

—

Vee

a combination of protective circuits for an application.
(e)
L
i
i
Vee

VcE Vee

Features

Easily resonates,
but simplest of all;
small snubber
dissipation

(d)
J
J
ch
Vce
Large snubber

Large snubber
effect, large

effect, but
dissipation dissipation, series
increases inductance

proportionately required

with effect

Small snubber
dissipation,
suitable for large-
capacity
applications

Resonance
suppression
effects; small
snubber
dissipation

Figure 5.9.18 Shubber circuits and features
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® Temperature protection

Because IGBT modules handle high current, they dissipate a lot of power and
therefore require a heat sink for cooling.

To minimize the size of the heat sink, forced air cooling or pipe line cooling must
be used. However, if a cooling failure occurs, such as a fan stopping, the device
temperature can rise rapidly, leading to breakdown,

To prevent IGBT damage due to a cooling system failure, use a temperature
detector, such as a thermistor or thermostat, to shut off the current supply to the
load when the temperature is found to be too high. After resolving the problem,
operation can be resumed.

(2.10) Mounting precautions {modules)

(1

2)

3)

Soldering

Since the terminals of IGBT modules are usually fastened ontoor screwed
into the PCB, soldering is not recommended.

If a wire must be soldered to a fastener terminal, 6/3 solder should normally
be used and the soldering operation should be completed within three
seconds at 350°C or within ten seconds at 260°C.

Fastener terminals
Fastener terminals are usually provided for the gate and emitter terminals.

Receptacles that adhere to accepted standards should be used to aveoid
imparting stress to the terminals.

Screw terminals

When tightening screw terminals, be careful not to apply too much torque, as
too much torque can wrench off the screw or overstress the casing.

Also, the contact thermal resistance can become saturated if the specified
torque is exceeded. To avoid these problems, use the recommended
tightening torques listed in Table 5.9.3.

Table 5.9.3 Recommended tightening torque

Screw or Bolt Torque (Maximum)
M4 x 0.7 1.0 Nem ~ 1.4 Nem 2 Nem
M5 % 0.8 2.0Nem ~ 2.5 Nem 3 Nem
M6 x 1.0 2.6 Nem ~ 3.0 Nem 3 Nem
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(4) Bends in terminals

(&)

(6)

The copper electrode fastener terminals of IGBT modules are fabricated by
bending. Excessive stress or repeated bending can break them.

To prevent this, use a busbar and insert a fixed terminal when making
external connections.

When connecting wiring, be careful not to apply excessive force to the
fastener terminals.
Heat radiation lubricant

Y G6260 heat radiation lubricant from Toshiba Silicone is recommended for
semiconductor devices.

Apply a thin, even (100 um ~ 200 um) coating of lubricant.

The heat radiating plane of IGBT modules is already insulated, so there is no
need to use an insulating type of heat radiation lubricant. S-200 from Nikkei
Jointal is adequate.

Flatness and contact thermal resistance

The flatness of IGBT modules is within £120 pm for two-hole products and
+150 um for four-hole products. The average flatness is negative (that is, the
surface is concave). Contact thermal resistance versus flatness for products
with concave surfaces is shown in Figure 5.9.19 and 5.9.20.

| £120 um MAX

______ R

Contact thermal resistance (°C / W)

Screw fastening Torque . 30 kgecm

0.0+ Silicone Lubricant: YG6260 (Made by TOSHIBA SILICONE)  : MG100J2YS1
0.16T
0.12T
.

0.08T
0.04T

] ] ]

I I 1

0 50 100 150

Flatness of Heat Sink (im)

Figure 5.9.19 Relationship between flathess of heat sink and contact

thermal resistance (for two-hole mounting)
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(7
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w
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Screw Fastening Torque : 30 kgecm

s 0104 Silicone Lubricant: YG6260 (Made by TOSHIBA SILICONE) : MG300M1UK1
o
3 0.08T
=
ol
@
3
= 0.06T
[v]
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[7)
£
b 0.04T
S
=
=]
o

0.02T

] ] ]
T T T
0 50 100 150

Flatness of Heat Sink (Jtm)

Figure 5.9.20 Relationship between flatness of heat sink and contact
thermal resistance (for four-hole mounting)

The contact thermal resistance increases when the surface is excessively concave. This is
because the air gap between the heat sink and the device degrades the heat radiation effect.

Attaching an IGBT to a heat sink

@

@

Make sure that the heat radiation surface os the IGBT and the contact surface of the
heat sink are both clean and free of foreign matter.

Apply a coating of radiation compound to the IGBT heat radiation plane, as shown in
Figure 5.9.21(a).

Place the IGBT on the heat sink. Press on it with your hand to spread out the
compound and to purge any air between the IGBT and the heat sink, as shown in
Figure 5.9.21 (b).

Following the sequence shown in Figure 5.9.21(c), use a manual or motor-driven
screwdriver to lightly tighten the four screws to the recommended torque of

0.4 Nem ~ 0.9 Nem. Do not use an air-driven screwdriver as this will make it
difficult to control the fastening torque.

Firmly tighten the screws in the order shown in Figure 5.9.21(d) to a torque of
2.0 N*m, using a manual or motor-driven screwdriver.
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® Wipe off excess radiation compound seeping out from between the module and heat
sink as shown in Figure 5.9.21(e). If there is only a small amount of excess
compound seeping out from between the devices, then the amount of compound used
was probably insufficient. In this case, detach the module, add more compound and
then reattach it.

a) Back d)
} O 110« _ _LOl4
15 mm CD O O 5-7 mm high \:‘<//
I_. P \\\
REIROSE o ~o:
!
10 mm
b) SE—— e) e ——
L7 '~ O o
( Front )
™ ] O O
< ~
c)
11O /,O 4
s|lo”” T2l

Figure 5.9.21 Procedure for attaching an IGBT to a heat sink

(8) Dropping

The DBC board of an IGBT module is ceramic (Al,O3 or AIN) and can be cracked or
damaged by the impact if it is dropped. This is especially true for high-current IGBTs
because of their heaviness. When handling unpacked, single-IGBT modules, be careful
not to drop them. Packaged modules can be handled in the same way as other products.

(9) ESD (electrostatic discharge)

IGBTs have a gate structure similar to that of MOSFETSs. Full antistatic measures should
be taken to protect them.
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5.9.3

(1) Reliability test results

Reliability Characteristics

As an example, Table 5.9.4 lists the results of reliability tests performed on a
MODULE-type IGBT. Table 5.9.5 lists failure criteria applied during the tests.

A basic method frequently used to evaluate reliability is to have a device in operation and
to perform a detailed analysis of changes that occur in characteristics over time. As an

example, Figures 5.9.22 t0 5.9.26 show changes in characteristics that occurred during the
lifetime tests described in Table 5.9.4.

Test results indicate that, although the device was operated as its absolute maximum
ratings, the initial characteristics remained stable over a long period of time.

Consequently, this device can be expected to offer high reliability in an actual application.

Table 5.9.4 Reliability test results for the MG400Q1US1 IGBT

Applicable No. Of No. Of
Test Standard Test Conditions Devices FaiI;Jres
JIS C7021 Test
A Te¢ =60°C, ON for 5 mins, off for
Steady-state operation B-6 7 mins 36 0
3 Ta = 25°C, 1,000 hrs
[ . - -
High-temperature reverse Tc=125°C, Vge=20V
p | rigniemperaiire rev B-8 GE 36 0
£ bias 1,000 hrs
0]
= High-temperature storage B-10 Ta =125°C, 1,000 hrs 30 0
High-temperature, high B-11 Ta =60°C, RH = 90% 30 0
Humidity storage 1,000 hrs
- -40°C ~ 25°C ~ 125°C ~ 25°
S Temperature cycling A-4 c c c c 50 0
= 10 cycles
c
S o
2" Ta =~ 65°C, RH = 90 ~ 98%
w Moisture resistance A-5 36 0
10 cycles
100 ~ 2,000 Hz, 196 m/s?
Vibration A-10 oomz, A% S 10 0
) 4 times each in 3 directions
%]
o 1 ms, 4,900 m/s?
E | Mechanical shock A7 , R 10 0
3 3 times each in 4 directions
c 2
49,000 m/
% Constant acceleration A-9 m.s ) L 10 0
% 1 minute each in 6 directions
) ) Fastening torque 3.0 Nem
Lead integrit A-11 10 0
integrity Once for 5 secs
Table 5.9.5 Failure Criteria for the MG400Q1US1 IGBT
Measuring Conditions Criteria
Parameter Symbol
Y (Ta=25°C) minimum maximum
Gate leakage current IGES VGe=+20V,Ig=0 — USL x 2
Collector cut-off current IcES Vee = 1200, VGe=0 — USL x 2
Drain-to-emitter cut-off voltage Vge(OFF) Vce=5V, Ic =400 mA LSL x 0.8 USL x 1.2
Collector-to-emitter saturation voltage Vce(sat) Ic=400A, V=15V — USL x 1.2

USL: Upper specification limit; LSL: Lower specification limit

5-152



TOSHIBA 5. Reliability of Individual Device Types

lces Vee=1200V, Vge =0, Ta =25°C
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Figure 5.9.22 Icgs results from steady-state operation lifetime test for the MG400Q1US1 IGBT

Vge(OFF) Vee=5V, Ic=400 mA, Ta =25°C
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Figure 5.9.23 Vgg(OFF) results from steady-state operation lifetime test for the MG400Q1US1 IGBT
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Figure 5.9.24 +Iggs results from steady-state operation lifetime test for the MG400Q1US1 IGBT
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Figure 5.9.25 —Iggs results from steady-state operation lifetime test for the MG400Q1US1 IGBT
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Figure 5.9.26

Vce(sat) lc=400A, Vge=15V, Ta=25°C

Ohrs 168 hrs 500 hrs 1,000 hrs
40
3.8V
36
34
3.2
3.0
28
26

24

22

2.0

VcEe(sat) results from steady-state operation lifetime test for the MG400Q1US1 IGBT
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(2) Reliability characteristics

Power cycles

ATj (°C)

IGBTs are sometimes used in numerically controlled motor control whereby devices
are subjected to rapid changes in junction temperature while case temperatures
remain almost constant.

Figure 5.9.27 shows limits on the number of power cycles in relation to changes in
the junction temperature. An IGBT lifetime of only 2.5 x 10 at ATj=100°C jumps

to 3 x 10° when the device is operated at ATj=50°C. In other words, the lifetime
increases almost ten-fold when the temperature is reduced by 50°C.

This suggests that AT; should be reduced as much as possible when designing a
circuit.

The failure mode for repeated power cycling is “bonding wire open”.

When IGBTs are used for motor control in applications such as pump blowers,
changes in case temperatures occur, but usually very slowly (since typically poewr
cycling occures only once a day).

To evaluate device tolerance to temperature changes in this type of application, try
reduce the frequency of power cycling while varying the case temperature. Toshiba
verifies device reliability by performing the intermittent operation tests listed in
Table 5.9.4.

In the examples in Figures 5.9.22 ro 5.9.26, the MG400Q1US1 was evaluated for

5000 cycles at ATc=60°C. Assuming one cycle per day, this works out to a reliable
lifetime of more than ten years.

ton = 2 secs, torf = 18 secs
2300+ T = 50°C (constant)
lg =150 A
1001
50T
30T
10T

10 10° 10°
Number of cycles

Figure 5.9.27 Example of power cycle lifetime characteristic for MG150Q2YS1
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5.10 Rectifier and Thyristor Reliability

5.10.1 Overview
(1) Features

Rectifiers

The term rectifier generally refers to rectifier diodes, but can also include constant-

voltage (zener) diodes.

Thyristors

This is a type of rectifier that is normally off (i.e. does not pass current), but turns on
when a trigger signal is applied to the gate.

SSRs

These semiconductor switching circuits take advantage of the gate-controlling

property of thyristors.

The above are broad classifications. Devices in these categories can be further
classified according to ditferences in characteristics as follows:

Rectifiers

Thyristors

—— Diodes

L General-purpose rectifiers

L Single units

L Bridges

—— Fast-recovery diodes

L Fast-recovery diodes

——  Super fast-recovery diodes

—— High-speed, high-efficiency diodes
——  Schottky barrier diodes

—— Power zener diodes
—— Modules

—— Phase-control thyristors
—— High-speed thyristors
—— TRIACs

—— AC switches

—— SSRs/drivers

—— SSRs

—— T/O interfaces
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(2) Packages
Table 5.10.1 lists typical packages classified by device type.

Table 5.10.1 Typical packages classified by device type

Classification Package Typical Products
Plastic mold DO-41SS $5688G, 1ZB6.8, 05NU42, 1DL42, 1GWJ43

DO-15L 1R5GZ41, 2212, TVR4N, 1R5GU41
DO-201AD 3GZ41, 3JH41, 2NU41, 3JU41, 3DL41, 3GWJ42
DIP 1J4B42, SM6J44
TO-92 SFOR1G42, SFOR3J42, RSF05G1-1P, SM1G43
TO-202 SF2J41, SM2G41
TO-220AB SF8J41A, SM8J45
TO-220NIS 5DL2CZ47A, 5GWJ2CZ47, SF8JZ47, SM8JZ47
TO-3P (N) 20DL2C41A, 16GWJ2C42
TO-3P (N) IS SF25J251, SM25J251

= I-Flat U1GC44, U1BZ12, U05JH44, U1JUd4, U1GWJ44

é H-Flat U05J4B48

8| Power-Mini U1GWJ2C42, URSF05G49-1P

% Power-Mold U2GWJ2C42, USGWJ2C42
TO-220SM USF8J48, USM8J48
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Typical rectifier and thyristor packages

r 3 ':’ #51 MAX 100205 #32%01
2 ° -+ g | g Y _j:j .
T = s 048 ‘ s == =
z 7T o | KBE
Cathode ; 15 E H : -ﬁl N 2,1
mark N 6.7 MAX, ~ 2% a 5 E j s
L= i 1 i K 2
b B —\ o7 |2
=L ::EI? -Jl g o] 127 127
. -« wl2 ©
] 05%02 ° 3 °1 = L b
2 —-m] g 7.62~880 PpPHp § 1= "+ ——33
3] e O
1. Anode DIP TO-92 TO-202
2. Cathode
DO-418S
3-3F1A 12-7A2A 13-5A1A 13-10A1B
103 MAX $32+02 o MAX 432502 satos  A38E02 44
10.3 MAX #3602 _jng_ _ ‘ @ !
Pk I £ 2 I"% g
~ Gy ol 31§ A7 1 el
3 a ° 2l g
i3 = o
5,‘ H T
& LI LYY
i i b4 11 3 +0.25 <
=l 2 — :
d rsesnzs ertozs susz02 545402 45402 645202 l 1573
542025 — 2542025 % % 25’3 2 ge -
. e 3 = oL.f. 3y i -T:n?:': BEES 5 5
Fzs] 1§ i 3 e SIS
Hi [
1. Anode £l ~ T g 1.Anode
2. Anode TO-220NIS 2.Ancde TO-3P (N) IS
3. Cathode (common) 3.Cathode
3
TO-220AB TO-3P (N)
12-10E1A 12-10C1A 12-16D1A 2-16F1B

5-159




TOSHIBA 5. Reliability of Individual Device Types

2.0 MAX

cos 2s 4 6MAX. I.T Max, 68 MAX.
- L7MAX, 0.4£0.0%
i,.-.‘ 3.2302

06 MAX,
e

15402

Min|2.5 201

4.2 MAX.
23|55+0.2
I os

0.

o 1.230.2] 12102
o |_Jizzod |zsos
a= R
(Tl 4o
4.0
5.08
P+
oo

+0.08 +0.08
04-~005 | | 04-005

x
< nt
g | .
| 8 ~ |
01284°
-] [ d ' :
5 3 0.25 L 06403 J| !
. +0.08
. _ 3 0432088 @ 0.93 MAX; [jos Max.
= < ossors | M 18202

284025 284028
3
R -
TO-220SM

12-10D2A

2.312.3] o
O 1sz01 | 1.5£0.1 ?;
Eom EEaL]
1. (~
9 E; 1. Anode 1. Anode
1. Anode 3 o 2. Cathode %1} 2. Cathode
2. Cathode 4' o 3. Open < 3. Anode
I-Flat H-Flat Power Mini Power Mold
3-4D1A 12-5A1A 3-5E1A 12-7B2A
103 MAX.
-t
1T
E Vi .-l 0.78 -

5-160




TOSHIBA 5. Reliability of Individual Device Types

(3) Structure

Figure 5.10.1 shows the structure of a device, using the DO-41SS as an example.

AT 1. Lead

2. Pellet

3. Encapsulation
4. Mold resin

5. Solder

Figure 5.10.1 Internal structure of DO-41SS

This structure includes a pellet @ affixed to lead @ using solder ®.

The encapsulation @ and mold resin @ protect the pellet against external forces, thermal
stress and chemicals, in order to help maintain stable device characteristics.
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5.10.2 Design Precautions

(1) Absolute maximum ratings

Definition of absolute maximum ratings

Maximum permissible values for current, voltage, reverse voltage and power dissipation
in devices (diodes, rectifiers, thyristors and triacs) are stipulated as absolute maximum
ratings.

When designing application circuits using semiconductors, a good understanding of
absolute maximum ratings is important to ensure that the devices operate efficiently and
reliably.

Semiconductor devices are unique in that their electrical characteristics are extremely
sensitive to temperature. Absolute maximum ratings are specified in order to guard against
problems which could arise as a result of device temperature sensitivity.

To guarantee a useful lifetime and the reliability of a device, no absolute maximum rating
must ever be exceeded, even momentarily. These values are specified according to the
material, design and manufacturing conditions of the device type and package.

Table 5.10.2 lists sample absolute maximum ratings.

Table 5.10.2 Sample maximum ratings

Parameter Symbol Rating Unit
Repetitive peak OF F-state voltage SF8GZ47 VDRM 400 v
Repetitive peak reverse voltage SF8Jz47 VRRM 600
Non-repetitive peak OFF-state voltage SF8GZ47 500
Reverse Voltage (without repetition, SF8UZ4T VRSM 720 \Y
<5ms, Tj= 0~ 125°C)
(har Smawavs, To = 77 B § A
RMS ON-state current IT(RMS) 12.6 A
Peak 1-cycle surge ON-state current ITsm 120 (50 Hz) A
%t Limit Pt 72 A%s
Critical rate of rise of ON-state current (Note 1) difdt 100 Alus
Peak gate power dissipation Pam 5 w
Average gate power dissipation PG(AV) 0.5 W
Peak forward gate voltage VEGM 10 \%
Peak reverse gate voltage VRGM -5 \
Peak forward gate current lam 2 A
Junction temperature T —40 ~ 125 °C
Storage temperature Tstg -40 ~ 150 °C
Isolation voltage (AC 60 secs) VisoL 1500 V
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Rated voltage of rectifiers

Select devices with a rated voltage 1.5 to 2 times the tolerable peak reverse voltage
per device, taking into account power supply fluctuations, transformer regulation
and switching surges.

In general, for 100-VAC lines, Toshiba recommend that devices be able to withstand
400 V; for 200 VAC lines, the devices should be able to withstand 600 V.

Excessive reverse voltage due to surges from external sources or load circuits can
result in excessive reverse power dissipation in the avalanche region, causing the
device to degrade or break down. In such cases, a surge-absorption circuit must be
added for protection.

Rated current of rectifiers
The rated current of a rectifier is stipulated as the average value of a 180° half-sine
waveform. This is the maximum current that can be supplied to the device under the
specified conditions without exceeding the maximum junction temperature Tj(max).

The current which actually flows in a device is determined by the load conditions
(steady-state current and transient current) and the cooling conditions.

For capacitive loads, the conduction angle of the device is narrow in comparison
with the angles for resistive and inductive loads.

It should be noted that, even for the same average current value, the peak current in a
capacitive load can become considerably larger than that in a resistive load, resulting
in an effective current that is larger than the rated value.

Also, with capacitive loads, transient currents of up to 10 times the peak value of the
steady-state current can occur when the power supply shuts the circuit off. For this
reason, choose devices that are rated for a large surge current. Particularly in
applications where a device is repeatedly turned on and off, the expected increase in

Jjunction temperature (4T;) must be estimated from the Ig-Vg and rgy(j-¢)-t
characteristics, so as to ensure that the temperature remains below Tj(max).
Surge forward current

When a surge forward current flows, the junction temperature momentarily exceeds

Tj(max). This rating is stipulated to account for abnormal currents which occur less
than 100 times during the life of the device.

It therefore does not apply to motor lock current or in-rush current at power-on.
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2

Junction temperature

The maximum junction temperature Tj(max) is determined by the materials used to
fabricate the device and their reliability. This parameter must be considered in
relation to reliability factors such as degradation and lifetime, not simply in relation
to operability of the device. Device degradation is generally accelerated as the
junction temperature increases. Mean lifetime Lm (hours) and junction temperature

Tj (K) are known to have the following relationship (where A and B are device
constants):

logLm=A +£ ........................... (2-2)
Tj

Note also that the reverse current increases with temperature. A vicious circle can
result whereby increased reverse current increases the power dissipation, which in
turn increases the junction temperature, which in turn further increases the reverse
current, and so on leading to thermal runaway in the device. For this and other
reasons, the junction temperature and heat-radiating conditions of devices must be
considered carefully when circuits are being designed.

Storage temperature

The storage temperature Tgyg refers to the ambient temperature range in which a
device can be safely stored when not in operation. It is specified according to the
characteristics and reliability of the device’s constituent materials (other than those
of the silicon chip). When storing devices, take precautions against lead oxidation
and other related problems.

Design precautions

When designing rectifier and thyristor circuits, the first priority is to ensure that the
absolute maximum ratings are not exceeded. Decapsulation analysis of products returned
to Toshiba reveals that in almost every case faults are caused by surges which exceed the
rated current values.

To counter this, be sure to derate the devices in your design sufficiently, after carefully
considering the absolute maximum ratings and the reliability characteristics (described
later).

Junction temperature

The junction temperature rating of a device is just as important as the rated voltage
and the rated current.

To control the junction temperature, the power dissipation of the device must be
limited and sufficient heat radiation for the device and circuit board must be
provided.

Protection against overcurrent

If protection is not provided against overcurrent in circuits which use semiconductor
devices, not only can the devices break down, but arcs can also be generated in open
devices. The induced magnetic fields often cause mechanical damage.

Overcurrent can result from device faults, commutation failures and short-circuited
loads.

Broadly classified, there are two methods of protection against overcurrent. One is to
shut off the current with a fuse or by some other means. The other is to limit the
current using a reactor or a resistor.
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Protection against overvoltage

When selecting devices for applications, designers usually derate the specified
OFF-state and reverse voltage ratings by the following safety margins:

Industrial use By 2.5 ~ 3.5 times
Less critical applications By 1.4 ~ 2 times

However, this applies to steady-state operation and does not take into account
transient voltages generated by various factors. Usually, a protective circuit must be
inserted to suppress unwanted voltages.

It is important to know the causes of these unwanted voltages and to take protective
measures against them in order to ensure that the above safety factors will be
effective.

Protection against dv/dt

The dv/dt rate relates to thyristors. When a fast-rising voltage is applied to a thyristor
by the main circuit, it can turn the thyristor on even when no trigger signal has been
input to the gate. When it occurs during commutation by a parallel-connected
snubber circuit, this dv/dt-ON phenomenon can be effectively suppressed by
connecting the snubber circuit and the anode reactor together. Figure 5.10.2 shows
an example of this type of limiting circuit.

Figure 5.10.2 Example of dv/dt-limiting circuit
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Protection against di/dt

The di/dt rate is also relevant to thyristors. It is the critical rate of rise of the ON-state
current and is normally rated at 100 A/us for thyristors and 50 A/us for triacs. (For
more information, refer to the technical data for the device in question.)

The di/dt rate should generally be suppressed to less than 20 or 30 A/ps.

The di/dt tolerance of a device depends on its peak ON-state current, the anode
voltage immediately before power-on, the case temperature and gate drive
conditions.

If the rated di/dt is exceeded, the device can malfunction or break down. To prevent
this, suppress di/dt using an air-core reactor or saturable reactor.

(3) Device-mounting precautions

4

Using inappropriate methods to mount semiconductors can subject them to thermal and
mechanical stresses, degrading their electrical characteristics and reliability.

The following precautions for each package type should be taken when mounting devices
on circuit boards:

Lead-forming and molded devices

Do not apply excessive stress to the electrode leads; otherwise, the device may be
damaged.

Make sure that no more than 10 N of force is applied to the leads.

When forming the leads, use radio pliers or other appropriate tools so that stress is not
applied to the device itself. Also, avoid bending the leads repeatedly. Standard
forming tools are available from Toshiba.

When fitting a device to a heat sink, make sure that the heat sink has a smooth surface.
Apply a coating of silicone lubricant to the heat sink. Make sure hole diameters
closely match screw diameters, and that screws are tightened using the appropriate
torque.

Also, ensure that the surface of the heat sink which will come into contact with the
device is flat and free of burrs and contaminants.

Surface-mount devices
Refer to Precautions on board mounting and cleaning in Section 3.5.
References
@ Toshiba Semiconductor Databook: Rectifiers
@ Toshiba Semiconductor Databook: Small and Medium Thyristors

® Toshiba Semiconductor Databook: High-Power Semiconductor Devices
(Thyristors, Diodes and IGBTs)

® Toshiba Semiconductor Databook: Small-Signal Diodes
® Toshiba Semiconductor Databook: Small-Signal Transistors (SMDs)
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5.10.3 Reliability Characteristics
(1) Reliability test results

As an example, Table 5.10.3 shows the results of reliability tests performed on an S5688G
silicon diffused-type rectifier. Table 5.10.4 lists failure criteria applied during the tests.

A basic method frequently used to evaluate reliability is to have a device in operation and
to perform a detailed anlaysis of the changes which occur in its characteristics over time.
As an example, Figure 5.10.3 shows changes in characteristics which occurred during the
lifetime tests described in Table 5.10.3.

Test results indicate that, although the device was operated as its absolute maximum
ratings, the initial characteristics remained stable over a long period of time. Consequently,
this device can be expected to offer high reliability in an actual application.

Table 5.10.3 Reliability test results for a $5688G silicon diffused-type rectifier

Applicable No. Of No. Of
Test JIS C7021 Test Conditions Debices Failﬁres
Standard Tested
T =1A,V, =400V
Steady-state operation B-13 Fav) RRM 30 0
2 Ta =25°C, 1,000 hrs
<v igh-
= | High-temperature reverse B-19 Ta = 100°C, VRry = 400 V, 1,000 hrs 30 0
£ bias
;a_j High-temperature storage B-10 Ta = 150°C, 1,000 hrs 30 0
- High-temperature, high- B-11 Ta =60°C, RH = 90% 30 0
humidity storage 1,000 hrs
260°C, 10 secs, once
Soldering heat A-1 32 0
g (immersed 1.5 mm from device base)
D
o -55°C ~ 25°C ~ 150°C ~ 25°C
= Temperature cycling A-4 50 0
g 100 cycles
£
<
o
2 | Thermal shock A-3 100°C ~ 0°C, 50 cycles 32 0
w
Ta =~ 65°C, RH = 90% ~ 98%
Moisture resistance A-5 @ c ? ’ 32 0
10 cycles
100 Hz ~ 2,000 Hz, 196 m/s>
Vibration A-10 L . . 11 0
4 times each in 3 directions
o 0.5 ms, 14,700 m/s>
a Mechanical shock A7 ) ] . 11 0
it 3 times each in 4 directions
g 196,000 m/s?
£ Constant acceleration A-9 ) ) o 11 0
8 1 minute each in 6 directions
$ Lead integrity A-11 5.0 N, bent 90° 3 times 11 0
= Drop A-8 75 cm, on maple board, 3 times 11 0
230°C, 5 seconds
Solderabilit A-2 ' 11 0
y (using designated flux)
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Table 5.10.4 Failure criteria for S5688G

Failure criteria (Ta = 25°C)

Parameter Symbol Measuring Conditions Criteria
(Ta = 25°C) minimum maximum
Peak forward voltage VEM IFm=10A — USL x 1.2
Peak repetitive reverse current IRRM VRrRrM = 400 V — USL x 2

USL: Upper specification limit; LSL: Lower specification limit

VE IF@av) =1A VrRrRM =400V, Ta = 25°C
0 hrs 168 hrs 500 hrs 1,000 hrs
1.1 Vv — — —
1V — — -
— - —-H a
-+ +H+H +HH .. +H+H
H+H H-H H-H H-+H
T THHHHH T mnspaanaanyl
:-1H :-1 :-1 :-1
0.9V — — —
0.8V — — —

Figure 5.10.3 Results of steady-state operation lifetime test for the S5688G silicon diffused-type
rectifier
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