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Experimental Behavior of single chip IGBT
and COOLMOSY devices under Repetitive
Short-Circuit Conditions

S. Lefebvre, Z. Khatir and F. Saint-Eve

Abstract

This paper presents the behavior of single chip IGBT (Insulated Gate Bipolar Transistors) devices under repetitive
short-circuit operations. 600V and 1200V NPT (Non Punch Through) IGBTs as well as 600V COCTNi@ave
been tested. The repetition of these severe working conditions is responsible for devices ageing and results unavoidably
in the components failures. A serial of experimental tests was made in order to determine the number of short circuit
operations the devices can support before failure for different dissipated energies. The temperature influence has been
also investigated. Results show two distinct failure modes depending on the dissipated energy during the tests. A
critical value of short-circuit energy has been pointed out which separates these failure modes. Experimental and
numerical investigations have been carried out in order to analyse these failure modes. A detailed analysis of the
physical mechanisms occurring during the short-circuit failures for dissipated energies equal or lightly higher than
the critical value is presented.

Index Terms

IGBT, COOLMOS ™ short-circuit, power devices, thermal runaway, thermal modeling, reliability.

I. INTRODUCTION

Power semiconductor devices may suffer of extremely hard working operations, resulting from an accident in
the case of short-circuit conditions, depending on the application circuit and its environment. So, it is of the first
importance to carry out investigations on the behavior of power devices under such severe repetitive working

operations. Especially, the questions which are still in abeyance are :

« How many short-circuit pulses can support a given device before failure for given operating conditions ?
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« Can we observe any ageing effect on the devices and is there any electrical characteristic ageing criterion ?

Many papers have been published on the topic of the behavior of IGBT (Insulated Gate Bipolar Transistors)
devices under single short-circuit conditions [1-6], but the influence of repetitive short-circuit operations in device
lifetime and reliability have been studied only recently [7-10]. It has been reported that IGBT short-circuit failure
mechanisms may be divided in four modes :

« Failure may occur near the peak current at the beginning of short-circuit [6,8]. This mode is called "power

limited failure”.

« Device may fail during the short-circuit [2]. This failure mode is called "energy limited failure” and is the
most often observed failure. It is due to overheating inside the device wich leads to thermal runaway.

« Failure may occur from some microseconds to several hundred of microseconds after a successful short-circuit
turn-off [5-9].

« Finally, destruction may happen during the turn-off process after short-circuit pulse without destructive over-
voltage. Yamashitt al. [?] have called this failure mode "Inhomogeneous operation failure” and looks like
dynamic latch-up [6,9].

In this paper, we describe results concerning the effect of repetitive short circuit conditions in the lifetime of
IGBT devices and COOLMOS transistors according to the dissipated energy level. 600V and 1200V NPT (Non
Punch Through) IGBTs and 600V COOLM®S% transistors have been tested under two case temperature levels :
25°C and125°C. In order to respond to the above questions, we have chosen to perform tests on single chip IGBT
devices to avoid any problem linked to the energy distribution in multi-chip devices. Moreover each device under
test (DUT) is subjected to repetitive short-circuit pulses with identical operating conditions until failure. Whatever
the device or the case temperature, it has been observed only the three last failure modes described above. In this
paper, we show that the second failure mode is the same as the third one which is only a limit case. Our experimental
conditions (Type 1 short-circuit) did not allow to observe the "power limited failure” mode. Especially, the last
failure mode will be analyzed and discussed on the basis of experimental measurements and thermal simulations.
It has been pointed out a critical energy which distinctly separate the above two last failure modes. The thermal
runaway due to the positive feedback of heat generation by the leakage current of the device, which appears during
the fourth failure mode, will be particularly detailed and discussed.

Even if these behaviors have been reported by some authors [6-8], we propose some hypothesis of the physical
mechanisms that should be involved in the third failure mode. Especially, we show the dominating role of the
diffusion component among the different components of the leakage current which takes place during the thermal
runaway. The abrupt frontier between the two last failure modes is a limit case which should correspond to the

critical short-circuit energy.
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Il. EXPERIMENTAL PROTOCOLS
A. Circuit description for short-circuit tests

Short-circuit conditions were produced with the test circuit presented in Fig.1. The devices under test are single
chip devices in TO247 package and their main characteristics, voltage breakdgwhand collector currenti¢)
at 25°C are the following ones :

e 600 V NPT IGBTs from Infineon (SGW15N60)zr = 600 V, Ic = 31A.

e 1200 V NPT IGBTs from Infineon (SGW15N120)gr = 1200 V, I = 30A.

« 600 V COOLMOS™ from Infineon (SPW20N60C2\/zr = 600 V, Ic = 20A.

The short-circuit energy is supplied by a set of capacitors and a circuit breaker (IGBT 1200 V - 400 A) allows
to avoid the DUT explosion by an over-current detection (400 A). The device current is measured by a wide
bandwidth (10Hz-30MHz) current probe developed in the laboratory, which has been optimised for high pulse
current measurements. Measurements of the leakage currents after the opening of the short-circuit current are made
by a coaxial shunt resistor (LEMO mS). A personal computer, equipped with an input/output card, controls the
DUT gate drive pulses. A repetitive cycle of 3 seconds is chosen in order to avoid the average overheating of the
chip. Finally, a heating plate allows to consider the device packages temperature influence, espexdiallysatd
125°C'. Short circuit operations are performed with a Gate to Emitter voltage equal to 15V. The influence of gate

voltage {o£) was not investigated.

400A 1200V IGBT

_T Ubc

0-600V LG

Control gate
(PC) DU

Fig. 1. Short-circuit test work-bench.

B. Test Protocol

In order to determine the origin of the device ageing during short-circuit operations, different electrical parameters
have been regularly measured. All of them (forward voltage drop, threshold voltage, drain and gate leakage currents)
have been measured for a junction temperature equ2t6'. Threshold voltage is measured for emitter current
Ir =1 mA, gate leakage current by a Keithley 6430 SMU and the collector leakage cligrgntis measured for
a collector to emitter voltage equal to the breakdown voltégg (600V or 1200V). In order to avoid self-heating,

on-state voltage is measured for short time (H) current pulse equal to the device specified curreRbat’.
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Fig. 2. Electrical characteristics measurements.

Ill. EXPERIMENTAL RESULTS

For each repetitive short-circuit test, the same energy has been consumed by the DUT repetitively until destruction.
We proceeded like this to many tests at different energy levels and package temperatures and we observed the number
of cycles supported by the devices until failure. The dissipated energy is controlled by supply voliagef the

test circuit and by the short circuit duratiopc.

A. Short-Circuit Robustness

The obtained results, concerning the robustness in short-circuit repetitive conditions for SGW15N60 devices under
400 V at25°C and 125°C' case temperature are plotted in Fig.3. Similar results are presented in Fig.4 concerning
the effect of short-circuit voltage on SGW15N120 deviced 2’ C, sustained voltages were 250 V and 540 V. It
should be noted that the evaluated short-circuit pulse times are above specified value in the IGBT datasheets which
is less thanlOus and from this point of view, the tested IGBT devices have shown robustness largely beyond their
specifications. Fig.5 shows the obtained results for the tested COOLMQ®nsistors.

In these Figures, each point is the result of repetitive tests on a given device, with on the X-axis the dissipated
energy and on the Y-axis the number of short-circuit tests until destruction occurs. For all tested devices, it can be
seen the same general behavior : just below a critical enEggydevices are able to support a very large number
of short-circuit operations (up to 10000) and beyond which only one test leads to failure. For the critical energy,
points are randomly distributed between 1 and about 10000. The critical eBerglepends on the tested device
and on test conditions (Table 1). In order to compare these values, the critical energy density is also given in this
table relatively to the device active areas.

The critical value £¢) define clearly and abruptly two failure modes depending whether the short-circuit energy

is greater or lower than this singular value.
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Fig. 3. Robustness in repetitive short-circuit conditions of 600V NPT IGBT (SGW15N60).
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Fig. 4. Robustness in repetitive short-circuit conditions of 1200V NPT IGBT (SGW15N120).

B. Energiest < E¢

For short-circuit energies below the critical value & E¢), a large number of short-circuits is necessary to reach
failure (Figs. 3 to 5). These results show that a cumulative damaging mechanism takes place which leads to an ageing
effect and consecutively to failure after at leaét short-circuit cycles. In these conditions, failures systematically
appear at turn-off when trying to switch-off the short-circuit current (Fig.6) with a destruction phenomenon which

looks like dynamic latch-up. These results occur to all the tested devices whatever their technology.

C. Energiest > E¢

As visible in Figs. 3 to 5, for short-circuit energies beyond the critical valde>( E¢), only one short-circuit

is supported by the devices during which failure occurs. For high short-circuit durations, e.g. efergies,

December 3, 2004 DRAFT



IEEE TRANSACTIONS ON ELECTRON DEVICES 2702R 6

10 T

CoolMOS (SPWNBOC2) @ 125°C

10°} = Egiae= 1:25¢

Number of short-circuits until destruction

10

1 1.2 1.4 1 i6 1.8 2 22
Initial dissipated energy (J)

Fig. 5. Robustness in repetitive short-circuit conditions of 600V COOLKi&Stransistor (SPW20N60C?2).

TABLE |

MEASUREDCRITICAL ENERGIES

Devices Conditions Crit. energy | Crit. energy density
Ec(J) E%(J/em?)

600V NPT IGBT . =25°C 0.81 7.36

Vee =400V Te=125°C 0.62 5.64
1200V NPT IGBT | Ve =250V 2.12 11.15

Te =125°C Vee =540V 1.95 10.25

600V Vee =400V 1.25 6.9
COOLMOS T.=125°C

destruction appears during the short-circuit because of thermal runaway (Fig.7).

When the short-circuit energy is higher but closeHRg, at the first test, a tail current takes place after the
turn-off process of the device and leads to a thermal runaway phenomenon. The failure occurs after a delay time
(tar) (see Fig.8) from the device switching off, which can vary from a few microseconds to several hundreds of
microseconds, depending on test conditions. In the following, we will call this failure mode the "delayed failure
mode”. This phenomenon has been observed by some authors [5-9]. We observed that the initial tail current level
(110), just after the device is turned-off, and the delay time to faildgg) (are energy dependent or more precisely
device temperature dependent at the turn-off time. The higher the energy is, the higher the tail current level is and
the shorter the delay time to failure is.

As illustration, Fig.9 shows experimental short-circuit current waveforms for SGW15N60 devices under 400 V

at 125°C' and for different short-circuit durations. The longgf (120 us) corresponds to the shortesc (19 ps)
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Fig. 6. Failure withE < E¢ conditions, example for a 600V NPT IGBT.
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Fig. 7. Failure withE > E~ conditions, example for a 600V NPT IGBT.

and the lower dissipated energy (0.63 J) to be compared to the critical value (0.62 J). On the contrary, the shorter
tqs corresponds to the longegc (25.5 us) and the higher energy (0.76 J).

Fig.9 shows similar results concerning SGW15N120 devices under 540 V &€ 15 different short-circuit
durations. It can be seen in this figure, for the higher energy test£ 60 1.s), that tail currents may be very high
and thetqs tends to very short values. The limiting case should looks like the current waveform shown in Fig.7,
where the short-circuit duration is too high for switching-off the device, which is out of control.

For both devices, results concerning the dependence between delay time to failure and the density of dissipated
energy during short-circuit pulse are given in Fig.11. We can observe, for both devices, that the curves have vertical
asymptotic limit corresponding to the critical values of energy dendity, (see table I) for whiclty have the

more important values. On the other hand, for high energy vatyesends to zero which is the limit case that
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Fig. 8. Delayed failure mode and definition of delay time to failurg X and initial leakage currentl(,).
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Fig. 9. Experimental short-circuit current waveforms for 600V NPT IGBT under 400¥258PC and for different short-circuit durations
(tsc).

corresponds to the failure shown in Fig.7. Otsuki et &]. Have shown that this curve is rather linear. But for
their measurements, the short-circuit energy variations were done with different short-circuit currents by varying
the gate bias, dc bus voltage and short-circuit duration. Now, we have shown that critical energy depends on the

test conditions.

D. EnergiesE = E¢

In case of short-circuit energy equal to the critical value, the number of tests that the device is able to withstand
before failure is randomly distributed, betweerand aboutl0* (Figs. 3, 4 and 5). This singular value of energy

makes the failure mode unstable for the devices. Indeed, it is very difficult to insure rigorously the same short-circuit
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Fig. 10. Experimental short-circuit current waveforms for 1200V NPT IGBT under 540023t C' and for different short-circuit durations
(tsc).
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Fig. 11. Dependance of delay time to failure vs. short-circuit energy density.

energy during all the repetitive short-circuits tests. This is without consequenée foF - or £ < E¢ where the
failure modes are stables, but the unstability occurdfets E. In this case, the device should withstand repetitive
short-circuits and the failure mode should be given by the ageing effect after Hwirtest cycles (Fig.6). But,
during this repetitive tests, if, the short-circuit energy of the last cycle is imperceptibly higher than the previous one
(due to a low increase in the voltage supply for example), then the "delayed” failure mode occurs at this last cycle
(as shown in Fig.8). So, it is always in this last mode that failures occur for the tests results givea &l in
figures 3, 4 and 5.

For the failures occurred in this particular test conditiofs £ E(), the delay times to failuretf;) are the

highest possible and the initial tail currentg,j are very low.
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E. Ageing indicators

Two 600 V NPT IGBT were regularly characterized during the repetition of the short-circuit operations and
electrical parameters were measured in order to find ageing indicators. Figure 12 shows for example the results of
on-state Vo) and threshold (15 ) voltages and measurements evolution during the repetition of the short-circuit
tests. Only one among the two devices shows a slight variatidri-gf the other one has no significant variation.
Further measurements must correlate these results. On the other hand, no significant variation of the gate and
collector leakage currents have been found. These results apply for all the tested IGBTs. So, actually, it is difficult

to foresee the IGBT end of life.

4.2
[ ° ‘@ e O 0O
4+
-
38- SGW15N60 devices

o Von device #1 } failure at N= 10026

< 36 o Vth device #1

= O m Von device #2 )

& o Vihdevice #o |} failure atN=9893
= 3.4¢

>

w
N
:

O

[m)

[m]

W
n
o ]

2.8 ' ' '
0 2000 4000 6000 8000 10000

Number of short-circuits

Fig. 12. On-State and threshold voltages measurements during the repetition of the short-circuit operations for two tested IGBTs (SGW15N60).

Only ageing on COOLMOSM transistors have been detected. For these devices, the short-circuit waveforms
regularly stored during the repetitive short-circuit tests show a significant decrease of the short-circuit current before
the failure appears like shown on Fig.13.

This result is correlated with the on-state voltage evolution shown in Fig.14. This parameter is a good ageing
indicator for this particular device.

The dissipated energy deceases during the repetition of the short-circuits with a fixed short-circuit time. For this
reason, the dissipated energy indicated in Fig.5 is the initial dissipated energy. The other electrical characteristics

regularly measured are not varying during the tests.

IV. DISCUSSION

Fig.15 is an enlarged view of figure 10 with an additional current waveformgter= 33us leading to no delayed
failure mode £ < E¢). When observing the short-circuit current waveforms, it can be seen that it decreases from
the peak value because of the mobility reduction in the MOSFET channel due to temperature rise. Then, after the

current has reached a minimum value, it rises again until it is turned-off as shown in Fig.15 or the device fails as in
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Fig. 13. Drain current evolution of the tested CoolMOS during successive short-circuit operdiipns (25°C, Upc = 405V, EscrNT =
1.05J).
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Fig. 14. Increase of the on-state resistance for COOLMOS transistors (meastiged=aR5°C, Ip = 20A) during short-circuit repetitions
(atTec = 125°C,Upc = 405V, Escrnt = 1.05J)

Fig.7. The reduction of the decrease and then the rise of the current is due to the additional current component due
to the leakage current which is generated by the temperature rise. The initial leakage current;yphte(rn-off
time is given, for each short-circuit test, by dots resulting in the extrapolation of the tail current at the considered
time (ts¢) as visible in figure 15 fotsc = 60us and55us. Then, the dotted curve, in this figure, gives the value
of the leakage current, flowing trough the device and which must be added to the short-circuit current, at any time
during the short-circuit process.

If the device is turned-off sufficiently before the short-circuit current has reached the minimum ¥gue-(

33us), it seems that no significant leakage current flows and no delayed failure will occur. So, only a cumulative
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damaging mechanism will lead to failure as it is the caselfor Eq. If the device is turned-off while a significant

leakage current is flowing (frorisc = 35us), thermal runaway will occurs leading to the delayed failure mode.

140
120

100

Current (A)

SGW15N120
at 125°C R |
under 540V Lo

Lk
.................... o xRN N ;
L L L I L
0 10 20 30 40 50 60 70 80 90
Time (ps)

Fig. 15. Experimental short-circuit current waveforms for SGW15N120 for different short-circuit duratigry gnd estimation of the leakage

current.

In order to estimate the temperature distribution within the device during short-circuit operations, and especially
at the end of the short-circuit process shown in Fig.15, a simplified 1D thermal model has been developed and

described below.

A. Thermal Model

As already mentioned, we have used single chip devices in TO247 package where silicon die is attached to the
case by a solder material. The die widtV4;) and the solder layer widthiXs;;) are visible in the schematic
model shown in Fig.16.

The 1D approximation is justified because the thermal flow essentially occurs in one dimension and can affect
the silicon chip and possibly the underneath solder layer if the heat transfer is long enough. During the short-
circuit operations, the chip can reach very high temperature values and the temperature dependence of the thermal
conductivity and heat capacity of silicon must be taken into account in the thermal model whereas constant thermal
properties are kept for the solder layer. This last assumption is justified by a relatively lower temperature variation
than silicon. The classical heat equation is solved over the thermal system composed by silicon die and the solder
layer :

9 (A(T)aT) L Qant) = pe(r) L @)

Or Or ot
whereT'(z) is the temperature distribution along theaxis, p, A and ¢ are respectively material density, local
thermal conductivity and thermal capaci.(x,t) is the heat generation source due to the power dissipation

responsible for the thermal increase in the silicon chip. For silicon region, the density is corstan2320K g.m =3
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whereas thermal conductivity and capacity are temperature dependent and given in appendix. Concerning the
solder region, we used the following parametpggy = 7400 Kg.m ™3, Agiq = 50 Wom™ LK~ ! and cgiq =
190 J.Kg~'.K—! [?]. The chip depth, active area and total area, given in table |, have been obtained from the

device datasheet®][for SGW15N120 devices.

— x=0
v,
P j
Enx)
Silicon N 'VVSCR
die
| K
Solder R
| vm
Case —
x
Fig. 16. Thermal model.
TABLE Il

GIVEN DATASHEET PARAMETERS[?].

Parameter SGW15N120
Wg; (um) 180

Die active area (mf) 18.7

Die total area (mrh) 25.9

The heat source i§(x,t) = F(x,t) - J(t), where E(z,t) is the electric field distribution in the space charge
region (voltage dependant) ankit) is the time dependent current density, given by experimental measurements.
In spite of high current densities during short circuit operations, we suppose that the electric field distribution
is not perturbed by the carrier flows. This assumption, verified in the literature by 2D physical simul&jions [
assumes that holes and electrons flows are quite equal during the short-circuit operation. Unfortunately, we had no
information concerning the internal structure data parameters, junction depth and N-base impurity concentration.

Nevertheless, the blocking voltage of the NPT devices allows us to estimate in one hanhebout 1pm and on
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the other hand base doping/6) at about10'* cm =3 for the SGW15N120.

The heat equation (1) is completed with initial and boundary conditions. The heat flux is assumed to flow from
the heated device to the thermal heat-sink and thus we assume that no heat transfer occurs through the top surface
of the silicon die. In addition, the case temperature of the device is assumed to be isothelialuaihg the

short-circuit process. These conditions may be written as follows :

oT
Asi <8x>$=0 =0 (2)
T(x =Wsi + Wsia,t) = Te 3)
T(Jj,t = O) =T (4)

Then the heat equation is solved by using the finite difference method.

B. Simulation Results

Fig.17 gives the temperatures at the junction locatiBpdt « = «;) for the short-circuit operations shown in
Fig.15 applied to the SGW15N120 devices. The case temperature 1€ 1R%an be seen that for a short-circuit
duration of 33us, which corresponds to the critical energy value (1.95 J), the junction temperature is abyttit 640
Whereas fortgc = 60 us, corresponding to a high short-circuit energy value (Fig.15), this temperdireiges
until 96C°C.

For each experimental short-circuit cases of figure 15, Table | gives the calculated junction tempé&ratase (
visible in Fig.17 as well as the measured initial leakage currgp} at the turn-off time. The dependance 5§
with temperature may be approximated by the dependance with the intrinsic carrier concentration ni. So, ratios
I;,/n; and I;,/n? for each experimental case have been plotted in figure 18. Results show that the leakage current
varies withn? rather tham,;. As a result, the dominating component of leakage current seems to be the diffusion

component rather than the thermal generation component.

V. CONCLUSION

This paper has presented experimental results on the behavior of 600V and 1200V NPT IGBT and 600V
COOLMOS™ transistors under repetitive short-circuit operations. All the tested devices have shown the same
behavior regarding their robustness against repetitive short-circuit tests. A critical value of short-circuit érergy (
has been found which separates two distinct stable failure modes. For energy below the critical value, devices can
withstand a large number of short-circuits before failure with a cumulative damaging mechanism and a destruction
phenomenon which looks like dynamic latch-up. When the short-circuit energy is higher but clge tievices
fails at the first short-circuit test in a "delayed failure mode”. A tail current takes place after the turn-off process

of the device and leads to a destructive thermal runaway phenomenon after several hundreds of microseconds. The
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Fig. 17. Calculated junction temperature for the short-circuit conditions of Fig.15.

TABLE Il

MEASURED INITIAL LEAKAGE CURRENT AND ESTIMATED JUNCTION TEMPERATURE FOR THE SHORTIRCUIT CONDITIONS OFFIG.15.

tsc(us)  T;(°C)  I1,(A)

35 670 0.7
40 730 2
45 790 5
50 845 8
55 900 19
60 960 35

significance of this critical energy valué’¢) is related to the reach of high enough temperature values inside the
device leading to a significant leakage current. It has been found that the leakage current is dominated by diffusion
component rather than thermal generation. The classical short-circuit "energy limited” failure mode has been found
to be a limit case of the "delayed failure mode” with a delay time to failure equal to zero. As prospectives, more
analysis are under investigations such as detailed electro-thermal numerical simulation of the "delayed failure mode”

behavior and the chip physical analysis.

APPENDIX |

The temperature dependence of thermal conductivitf7T") and capacity:s;(T") of the silicon are given below

[?].

_ 1 —1 -1
Asilh) = ooqpgrae (Wm0 ®)

December 3, 2004 DRAFT



IEEE TRANSACTIONS ON ELECTRON DEVICES 2702R 16

lo/ NZx 10% (A.cm®)
o/ M, x 1024 (A.cm?)
ey

35 40 45 50 55 60
Short-circuit duration - tsc (us)

Fig. 18. Leakage current/y,) dependance with intrinsic carrier concentratian)(and short-circuit durationtgc).

witha =3 x 1074 m.K.W=1 ,b=156 x 107> m.W~! andc = 1.65 x 1078 m.K L. W~1,

csi(T) = a+bT + % (JKg K™ (6)

with @ = 8.49 x 102 JKg "K', b=0.155 JKg ' K2 andc = —1.6 x 107 J.Kg ' K.

(1

(2]

(3]

[4]

(5]

(6]

(71
(8]

[9]
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