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Abstract
In this work, the surge-current capability of 650 V, 1200 V, and 1700 V IGBTSs has been investigated.
This stress condition is important for the active short-circuit of motor loads. For all measurement
conditions, the destruction of the devices is not determined by the onset of intrinsic conductivity. Instead,
the failure signature indicates a temperature-driven destruction mechanism. For the applied gate-
emitter voltages, the 650 V IGBTs show the highest surge-current density withstand capability in
comparison to 1200 V and 1700 V IGBTs due to their higher saturation current density. The surge-
current capability of 1200 V and 1700 V IGBTs is not influenced by the amount of emitter bond wires
even at a gate-emitter voltage of 25 V, whereas it is reduced for 650 V IGBTs with a reduced number of

bond wires.
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INTRODUCTION

IGBTs are widely used power semiconductor devices in
medium and high power switching applications. For
many applications, short-circuit is a necessary chip
requirement. However, there is typically no specification
of a surge-current capability that determines the device's
ability to withstand and operate under very high current
transients or surges. This requirement is naturally in
contradiction to the short-circuit ruggedness. Only in
special cases, a surge-current operation of IGBTSs is
beneficial. It can be used to protect the load from
alternating torques due to asymmetric short-circuit
failures in IGBT converters as described in [1-4]. The
active short-circuit of motor loads is one example of this
case. Grid errors such as voltage spikes and overvoltage
conditions can generate a surge-current for grid-side
connected power  semiconductor devices  (e.g.
PFClrectifier diodes, rectifying switches).

Previous work has demonstrated that IGBTSs can conduct
high surge-currents at higher gate-emitter voltages by
preventing the collector-emitter  voltage  (Vce)
desaturation [1-6]. The surge-current behaviour for
different IGBT designs is discussed in [3,7]. Further
details regarding the surge-current theory of bipolar
devices can be found in [8-11]. The degradation of the
chip solder by ageing has a strong influence on the surge-
current capability of the IGBT and has been discussed in
[12].

In the present work, single pulse surge-current
measurements were performed for different voltage class
IGBTs with trench technology using an open chip
soldered on a direct copper bonded (DCB) substrate. All

the measured IGBTs have a similar assembly and
interconnect technology (AIT). The surge-current
capability of all the IGBTs was measured at distinct gate-
emitter voltages and for varying starting temperatures.
Also, the influence of the pulse width on the 1700 V
IGBT surge-current capability has been studied.

In power semiconductor devices, such as diodes or
IGBTSs, the bond wires play a crucial role in carrying
electrical current. Hence, the impact of the number of
emitter bond wires on the surge-current capability of the
different voltage class IGBTs has been investigated in
detail.

CURRENT LIMITATION OF THE IGBTS

The saturation current Ic sa Of the IGBT limits the surge-
current capability. Consequently, the IGBT must be
prevented from channel pinch-off and Vce desaturation
during surge-current operation. Otherwise, it leads to
higher losses and destruction. According to the simple
MOSFET model the pinch-off voltage Vcepinch Of the
MOS channel with a threshold voltage Vv, is given by

Vegpinech = Ve — Vru 1)

for a given gate-emitter voltage Vee. The output
characteristics of the different IGBTs are compared with
each other by their normalized saturation collector-
current density (Jcsar). Each voltage class IGBTs was
normalized by choosing the appropriate normalized
current. The ratio of Ic s by its active area of the IGBT
chip is plotted as a function of gate-emitter voltages for
two different temperatures as shown in Fig.1. As can be



seen for both temperatures, the 650 V IGBT shows the
highest Jcsat compared to the other two voltage class
IGBTs. The saturation current density of the 1200 V
IGBT is only slightly higher than the 1700 V IGBT. For
the IGBT saturation mode, Ic s, depends on Vee by a
quadratic function:
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IC,sat =
where k is a channel-geometry parameter and apy,, the
bipolar current gain of the pnp transistor. The main
temperature dependent parameters in Eq. (2) are the
threshold voltage Vv, @, and the electron mobility p,
which is included in the parameter k.
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Fig. 1: Normalized saturation collector-current density of the

different voltage class IGBTs with varying gate-emitter
voltage.

SURGE-CURRENT MEASUREMENT

For investigating the surge-current capability of the
IGBTS, a test setup described in [13] was used. During
the measurements, a calibration current of 10 mA flowed
through the device under test (DUT) IGBT to estimate
the junction temperature before and after the surge-
current pulse. The junction temperature was estimated
using the Vce(T) — method. The Vce(T) calibration curve
is predetermined for the different DUTSs at different Vee
for a temperature range from 295 K to 430 K. The surge-
current capability was measured by gradually increasing
the surge-current amplitude Tesw in  steps until a
destruction of the DUT occurs or a static electric
parameter such as gate-leakage current or Vcesa Of
blocking leakage current has changed. Further, the surge-
current measurements were carried out at different gate-
emitter voltages at varying starting temperatures (Tstart)-
Additionally, the influence of the different surge-current
pulse-width (t,) was analyzed for the 1700 V IGBT. For
all the surge-current density plots, the normalization was

done by choosing the appropriate normalized current
density for each voltage class IGBTS.

a) Surge-Current measurements at 10 ms

Initially, the surge-current measurements were carried
out with half-sine pulses with t, of 10 ms, which
corresponds to the grid frequency of 50 Hz. The
corresponding voltages across the collector and sense-
emitter (Vcesense) and across the collector and load-
emitter (Vce,i0ad) are recorded.
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Fig. 2: (a) Measured normalized surge-current capability of the
650V IGBT increasing the surge-current density
amplitude jrsm (normalized) (b) measured Vcesense across the
IGBT. For measurement conditions: t, =10 ms, Vee =25 V,
Tstart = 300 K.

For the time interval between 0 ms and 2 ms, before the
surge-current is applied [see, Fig. 2(a)], the Ve is set to
a high level and the calibration current of 10 mA is
flowing. Hence, Vcesense Shows a voltage drop of
approximately 0.6 V, which corresponds to the built-in
potential of the backside pn-junction at room temperature
as shown in Fig. 2(b). As the applied surge-current
amplitude is increased across the IGBT, the Vcesense
voltage waveform has its peak after the surge-current



density peak and is strongly deviating from sine-shaped
due to the temperature rise in the chip. Applying high
currents close to the saturation current leads to a sharp
increase in the voltage. After the IGBT has passed the
surge-current pulse, the Vcesense Shows a lower voltage
drop compared to the starting value, especially at
increased surge-current amplitude [Fig. 2(b) after 12 ms]
because the built-in potential of the pn-junction is
decreased due to significant temperature increase. It is
interesting that the falling branches have almost the same
Vce at t= 11.75 ms, although the dissipated losses are
much different. However, the high Vge compensates for
a higher Vce. When the surge-current density amplitude
(7rsm) Was increased to 5.75 a.u., the 650 V IGBT failed
due to the beginning of Vce-desaturation and
correspondingly a higher loss although the Vge value was
at 25 V. In contrast to the expected quadratic relation
between Icsa and Vg, see EqQ. (1). The measured surge-
current capability of the 650 V IGBT at Vee =25V and
starting temperature of 300 K shows a more linear
relation between surge-current and gate voltage. This is
due to the self-heating of the device during the surge-
current pulse which leads to a lower saturation current of
the IGBT. Hence, the n-channel is pinched-off earlier [7].
For the last-pass pulse with jrsm 0f 5.60 a.u., the junction
temperature at 12.2 ms is 506 K, estimated via Vce(T)
method. It should be noted that the maximum junction
temperature will be much higher during the pulse.

For the 1700 V IGBT, the measured last-pass pulse at
different gate-emitter voltages at 300 K is shown in
jrsm(Vce) characteristic in Fig. 3(a). At Vee =15V, the
MOS channel is pinched off earlier in comparison to
Vee of 25V [Eq. (1) and (2)]. The spread between the
rising and falling branches is smaller at Vee = 15V due
to lower dissipated overall losses. However, with higher
Ve the thermal hysteresis increases because the IGBT
reaches its critical saturation collector-current later and
makes less losses from the beginning. The estimated
junction temperature is 346 K at 15 V and 512 K at 25 V
att=12.2 ms, i.e. 0.2 ms after the surge current pulse. At
high currents, a positive temperature coefficient (PTC) is
observed during the surge-current transient. At the
descending branch and the lower currents, a negative
temperature coefficient (NTC) is visible mainly from the
reduced built-in voltage of the collector-side pn-junction.
Furthermore, at such high temperatures, the charge
carrier mobilities are strongly reduced. Consequently, the
charge carrier concentration in the low doped drift region
with a width wg will change as can be estimated by the
following simplified equation for the mean carrier
concentrations 1, p, in the drift region [5]:

J-ws
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n=p=
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where Vs 1S the voltage drop across the low doped drift
region and j is the current density.

The influence of the starting temperature at Vee = 25 V is
illustrated in the jesm(Vce) characteristic in Fig. 3(b). At

300 K, the thermal hysteresis between the branches is
larger due to higher losses accompanied by the higher
applied surge-current compared to 425 K. At the falling
branch, the Vcesense VOItages are higher due to the higher
starting chip temperature [2]. For the same Vgg, the
saturation current decreases as the temperature increases,
mainly due to reduced mobilities.
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Fig. 3: Measured last-pass normalized surge-current pulse of
1700 V IGBT (a) for gate-emitter voltages of 15 V and 25 V at
Tstart =300 K. (b) at different starting temperatures for
Vee = 25 V. Conditions: t, = 10 ms.

The last-pass surge-current and energy density of the
different voltage class IGBTs are compared at 300 K and
425 K, in Fig. 4. Two devices each of the 650 V and
1700 V classes and four devices of the 1200 V IGBTSs
were considered for room temperature measurements. At
425 K, only one device was used in the destructive test,
except for the 1200 V class. At Vge =15V and at both
temperatures, 1200 V IGBTs do not show any failure
since the current could not be increased further due to the
limitation of the used DC-link capacitors in the test-
bench. For both gate voltages and temperatures, the
650 V IGBTs show a higher surge-current density in than
the 1200 V and 1700 V IGBTS, which is correlating with
the respective nominal current densities of the IGBTSs. It



is also visible, that the energy density of all the voltage
classes is in the same range for Vge = 25 V.
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Fig. 4: Comparison of the last-pass maximum normalized
surge-current density and corresponding normalized energy
density of the different voltage class IGBTs for different gate-
emitter voltages at t, = 10 ms.

For all the measured IGBTS, Vcesat, gate leakage current
and collector-emitter leakage current was recorded after
each single surge-current event and compared with the
initial values measured before. However, there was no
drift in any of these analysed parameters.

b) Surge-Current measurements at 1 ms
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Fig. 5: Measured normalized jesm(Vce) characteristic of a 1700 V IGBT
with increased surge-current density at tp=1ms. Conditions:
Vee =25V, Tsanr = 300 K.
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A surge-current can appear in various waveforms
depending e.g. on the actual output current frequency of
an inverter. Standard tests and datasheet ratings typically
use a half-sine wave with a duration between 100 us and
100 ms [14]. For the results presented here, the surge-
current pulse width was set to 1 ms. As shown in Fig. 5,
at Vee =25V, the 1700 V IGBT reached its saturation
collector-current without any failure and a similar
behaviour was observed at Vee =15 V. As the energy
dissipation was 10 times lower as compared to 10 ms
pulse, the junction temperature was lower as well (307 K
at 15V and 370K at 25V). Due to the limited
capacitance of the DC-link capacitors in the test-bench
further tests at even higher Ve were not carried out.

INFLUENCE OF EMITTER BOND WIRE
CONFIGURATION ON SURGE-CURRENT
ROBUSTNESS

For all the measured IGBTS, the bond wires are made of
aluminium and have a specific cross-sectional area with
a diameter of 250 um that determines their ampacity.
During surge conditions, when a high current is flowing
through the device, the bond wires will experience an
increased current density and high temperatures as a
consequence. For high temperatures, the wire resistance
increases causing higher voltage drops and power
dissipation and describes a positive feedback loop.
Further, for a smaller amount of bond wires, the current
imprint to the chip’s metallization is more
inhomogeneous. The typical failure signature for diodes
reveals a weak area around the bond wires where the
current density and the heat flow is high. Since the Al
metallization and the bond wires act as a thermal capacity
more bond wires and thicker Al metallization improve
the surge-current robustness [11]. Cu metallization and
Cu bond wires lead to a further improvement of surge-
current ruggedness [15].

To study the influence of a different number of emitter
bond wires, 1200 V IGBTs were equipped with 1 emitter
bond wire (1EB) and 3 emitter bond wires (3EB) and
were compared, see Fig. 6.

@ N (b)
Fig. 6: 1200 V IGBTSs used in surge-current measurements with
(a) 1 emitter bond wire (1EB) and (b) 3 emitter bond wires
(3EB).

The measured last-pass jrsm-Vce phase space diagram for
1EB and 3EB is shown in Fig. 7(a). The IGBT with 1EB
shows a higher voltage drop as compared to the 3EB.



Correspondingly, the energy loss is 9% higher for the
1EB DUT for the same surge-current. With respect to the
last-pass current, the surge-current capability of the
1200 V IGBT with 1EB and 3EB is the same as shown in
Fig. 7(b), at least for Vee = 25 V. The 1EB chip shows a
deep crater within the active area due to a possible bond
wire melting and open circuit after surge-current
destruction with a subsequent arc, see Fig. 8(a).
However, the IGBT with 3EB shows a surface melting of
the top-side metallization and the bond wires were not yet
lifted or melted, see Fig. 8(b). This is different to the
findings on pin-diode structures, where a larger number
of bond wires is beneficial. However, the observed
failure seems to be more chip related due to the starting
desaturation process and high intrinsic IGBT losses and
is not yet caused by an overload of the bond wires. Hence,
surge-current measurements were performed at higher
Ve to study the limiting factor of the bond wires.
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Fig. 7: (a) Measured last-pass normalized surge-current
jrsm(Vce) characteristic of 1200 V IGBT for 1EB and 3EB. (b)
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given condition of tp = 10 ms, Vee = 25 V and Tstat = 300 K.
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Fig. 8: Microscopic pictures of the failed IGBT chips during
surge-current at Vee = 25 V with (a) 1EB and (b) 3EB.
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Fig. 9: Measured Vcesense across the IGBT for increasing the
surge-current density amplitude at Vee =40 V (a) 1EB (b) 3EB.
For a given condition of tp = 10 ms, and Tstart = 300 K.

As already indicated above, multiple bond wires provide
multiple paths for current flow, which can help to
distribute the current more homogeneous across the
IGBT. This can result in better heat dissipation and lower
localized heating, potentially enhancing the surge-current
capability. Thus, the overall current-carrying capacity of
the 3EB IGBT is 16% higher at Vee = 40 V as compared
to 1EB IGBT, see Figures 9(a) and 9(b). During the
destructive pulse, Vcesense €xceeds the measurement
range as shown in Fig. 9(a). Here, both IGBTs fail as
soon as the devices enter the current saturation regime



[7]. The failure signatures at Ve = 40 V shown in Fig. 10
for 1EB and 3EB are similar to the Fig. 8. The last-pass
surge-current of the 1200 V IGBTSs for 1EB and 3EB at
different Vge are compared in Table 1.

(@) (b)
Fig. 10: Microscopic pictures of the failed 1200 V IGBT chips
during surge-current at Vee = 40 V with (a) 1EB and (b) 3EB.

1200V IGBT
Emitter Last-pass

Ve bond wire | surge-current 1%

type density

1EB 3.10 a.u. 9.25 a.u.
25V 3EB 3.15a.u. 9.35a.u.

1EB 3.80 a.u. 13.60 a.u.
40V 3EB 4.40 a.u. 17.50 a.u.

Table 1: Comparison of the last-pass surge-current capability
of the 1200 V IGBT at different Vee for 1EB and 3 EB.

Further, the impact of the number of emitter bond wires
on surge-current capability was studied for 650 V and
1700 V IGBTs. For this, selected emitter bond wires
were cut to reduce the number of bond wires. The 650 V
IGBT consists of two segmented emitter pads and each
pad has two bond wires. As shown in Fig. 11, for case-1
a single bond wire from each pad was cut and two bond
wires from the same emitter segment were cut for case-
2. The 1700 V rated IGBT consists of four segmented
emitter pads and each pad has three bond wire
connections. Here, for case-1, two bond wires were cut,
which leads to 33% reduction in the effective wire
diameter for the chip and 66% reduction for case-2 as
shown in Fig. 14.

case-1

(a) (b)
Fig. 11: Surge-current measurements with cut emitter bond
wires for 650 VV IGBT (a) a single bond wire was cut from each
pad (b) two bond wires were cut from same emitter segment.

For case-1 (650 V) the measured Vce,ioad is plotted for the
increased surge-current amplitude in Fig. 12(a). Here, the
pristine devices refer to IGBTs without any emitter bond
wire cut. At Vee =25 V, the surge-current capacity is

reduced by 18% as compared to the pristine device
[Fig. 2(b)] for the same measurement condition. This is
because of the higher current density. Further, the surge-
current capability is drastically reduced by 60% for case-
2, see Fig. 12(b). In this case, all the current has to flow
via the single emitter pad with two emitter bond wires.
According to measurements and failed pictures, the
destruction threshold is not determined by the onset of
intrinsic conductivity. Due to the limited robustness of
the front side contact against excessive heat, the failure
signature indicates a temperature-driven destruction
mechanism [11]. As shown in Fig. 13, the Al pad near the
bonding wire has experienced thermal fatigue [16]. The
last-pass surge-current and 1% of the 650 V IGBT at
different cases is summarized in the Table 2.
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Fig. 12: Measured Vce,load across the 650 V IGBT for increasing
the surge-current density amplitude at Ve = 25 V with reduced
emitter bond wires (a) case-1 (b) case-2. For a given condition
of tp = 10 ms, and Tstart = 300 K.



(a) case-1 (b) case-2
Fig. 13: Microscopic pictures of the failed 650 V IGBT chips
during surge-current at Vee = 25 V with reduced bond wires (a)
a single bond wire was cut from each pad (b) two bond wires
were cut from same emitter segment.

650 V IGBT
Emitter bond Last-pass ,
Vee . surge-current I
wire type density
Pristine 5.63 a.u. 28.80 a.u.
25V case-1 4.60 a.u. 17.50 a.u.
case-2 2.23 a.u. 4.50 a.u.

Table 2: Comparison of the last-pass surge-current capability
of the 650 V IGBT at different cases.

Fig. 14: Surge-current measurements with cut emitter bond
wires for 1700 V IGBT (a) 33% reduction in effective emitter
bond wire diameters (b) 66% reduction.
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Fig. 15: Measured last-pass normalized surge-current pulse of
1700 V chip on DCB IGBT at Vee = 25V for case-1: 33%
reduction and case-2: 66% reduction. Given conditions:
tp =10 ms, and Tstart = 300 K.

For 1700 V IGBT bond wire modification, the impact is
not significant. For both cases, a similar surge-current
robustness at Ve = 25 V is achieved. There is a slight 3%
reduction in the last-pass surge-current as compared to

the pristine 1700 V device capability [Fig. 3(b)]. As can
be seen from Fig. 15, the IGBT with 66% reduced bond
wires shows slightly higher Vce sense drop as compared to
the IGBT with 33% reduction for the same current
density. This can be due to the increased resistance of
bond wires in combination with higher temperatures. The
failure occurs around the bond wires as shown in Fig. 16.
The failure signature becomes stronger with less number
of emitter bond wires.

— G
(a) case-1 (b) case-2
Fig. 16: Microscopic pictures of the failed 1700 V IGBT chips
during surge-current at Vee =25 V with (a) 33% reduction in
effective emitter bond wire diameters (b) 66% reduction.

(a) Before
surge-current
Fig. 17: Microscopic pictures of an 1EB IGBT(a) Before surge-
current pulse and (b) Last-pass pulse with jrsm =310 a.u.
Conditions: tp = 10 ms, and Tstart = 300 K.

(b) Last-pass
pulse

For all different voltage class IGBTs, microscopic
images were recorded during the intermediate single
pulse surge-current event to study a possible change in
Al metallization with a special focus on the bond foot
areas. However, there was no distinguishing difference
observed on the Al metallization surface between the new
device and the same device before reaching the last-pass
event. An IGBT with 1EB is displayed in Fig. 17 with a
focus around the bond wire wedges area before the surge-
current event and after the last-pass pulse.

CONCLUSION

The surge-current behaviour of IGBTs with different
rated blocking voltages has been analysed in detail by
measurements. For a fixed gate-emitter voltage, the
surge-current capability of the IGBT is limited due to the
channel pinch-off. For a Ve of 25V, the tested devices
could withstand up to 6 ... 7 times the rated current at
starting temperature of 300 K and 5 ... 6 times at 425 K,



respectively. The 650 V IGBT withstands a higher surge-
current density as compared to 1200 V and 1700 V
IGBTs. However, at Ve of 25 V and 300 K, the 650 V
last-pass surge-current density is noticeably reduced
compared to its saturation current in the output
characteristic at room temperature. For shorter surge-
current pulse duration, a higher surge-current can be
withstood. For that, the thermal impedance (Z#) of the
respective chip and interconnection technology in
combination with the self-heating plays an important
role.

The number of emitter bond wires does not show any
influence on the surge-current capability of 1200 V and
1700 V devices up to gate-emitter voltages of 25 V. For
Vee =40V, the 1200 V device shows a surge-current
capability difference of 16% between 1EB and 3EB
IGBTs. On the other hand, the 650 V IGBTs surge-
current capability is influenced by the number of bond
wires already at 25 V due to its higher saturation current
density.

For all the measured conditions, the different voltage
class IGBTs fail due to strong Vce desaturation. This
confirms our initial statement that there is a trade-off
relationship  regarding the IGBT’s surge-current
capability and it’s short-circuit capability.
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