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Abstract—The study of the impact of junction temperature
swings (ΔTj ) on degradation mechanisms during power cycling
tests (PCTs) requires both a control of the applied thermal stress
and a separation of degradation modes. The first requirement can
be obtained by using a “constant ΔTj” power cycling strategy that
allows to minimize the cross interactions between the influencing
factors. The second one is made by using a dedicated power mod-
ule well suited for targeting only the chips top-side degradations
(metallization and bond-wire contacts). In this paper, a constant
ΔTj strategy by gate voltage regulation is performed for PCTs in
the dc mode. The tested modules are ideally designed for top-metal
and bond-wire contacts degradation investigations. From aging in-
dicator on the collector–emitter voltage (VCE ), the results clearly
show that three regimes of degradation occur systematically at the
insulated gate bipolar transistor (IGBT) chips top side, whatever
the stress conditions. Moreover, comparative results in “constant
ΔTj” and conventional “constant ΔI” PCT strategies have shown
that the feedback between stresses and damages encountered in
the second strategy is more important for low ΔTj values than
for high ΔTj values. In addition, results show that in case of high
stresses, the “constant ΔTj” strategy with VGE regulation gives
values close to a “constant ΔI” strategy but that the extrapolation
toward low values of ΔTj can be questionable for the “constant
ΔTj” strategy.

Index Terms—Accelerated aging, degradation, IGBT, junction
temperature swing, lifetime model, power cycling, test strategy,
wire bond.

I. INTRODUCTION

DURING the operation, power modules are subjected to
thermal and mechanical stresses arising from power loss

dissipated in semiconductor devices. Temperature swings, com-
bined with the thermal expansion coefficients mismatch, pro-
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voke mechanical stresses, especially at interconnection levels.
The main failures described from the literature are the top-side
chip interconnections traditionally via aluminum wire bonds
and chip/direct bonding copper (DBC) and DBC/baseplate lay-
ers by soldering [1], [2]. The understanding of these failure
modes is indispensable for the development of relevant lifetime
models for maintenance anticipation purpose. To avoid long ag-
ing tests durations, most life models are built on the basis of
accelerated aging tests, where the level of stresses is amplified
compared to field application conditions. The effect of several
parameters linked to thermal stress such as temperature swing
[3]–[5], absolute temperature (minimal, maximal, or average
temperature) [3], [6], and power-ON duration [3], [7], [8] has
been widely investigated and implemented in lifetime models
such as in the LESIT project [9]. Lately, other manufacturing
factors such as voltage class, chip thickness, current density,
geometry, and technology of wire bonds have been also taken
into account [10].

Usually, the accelerated lifetime results are plotted in a num-
ber of cycle to failure (Nf ) versus junction temperature swing
(ΔTj ) graph. The main issue is the possibility to extrapolate the
accelerated tests with high ΔTj toward normal operating con-
ditions with low ΔTj . This leads to two main methodological
problems.

1) The coexistence of different failure mechanisms in the
power module, depending on the load parameters of the
accelerated test. Thus, the extrapolation at low ΔTj with-
out taking into account the dominant failure mode might
provoke a significant error in lifetime estimation under
normal operating conditions.

2) The impact of a given test strategy on this extrapolation
(toward low ΔTj).

Considering the first point, a good strategy is to use the fail-
ure separation methodology introduced in [3]. As a first step, it
consists of building lifetime models on each basic technology
(bonding, die-attach, solder . . . ) by using dedicated power as-
semblies where the weakest point is the tested one. This strategy
enables an investigation of the effect of different test parameters
on only one failure mechanism at a time, thereby minimizing
interaction with other mechanisms. Failure modes can be dis-
sociated with highly reliable interconnection technologies like
aluminum-cladded copper wires [11] or aspect ratio optimiza-
tion for wire bonds loop at the top connection [3], and silver
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sintering for the connections to DBC layer [12]. In the sec-
ond step, the interaction between failure mechanisms should be
taken into account through a combination of “separated models”
and a failure mechanism interaction model.

Concerning the second point, it is related to the choice of
a power cycling test (PCT) strategy. Different strategies have
been presented in [13] and [14] based mainly on constant load
current (IL ), constant junction temperature swing (ΔTj ), and
constant power (P). As described by these later publications,
these different strategies lead to different lifetime results. How-
ever, because of their opposite philosophy, only the two first
methods are discussed hereafter as the constant power strategy
can be considered as an intermediary strategy between them.

The constant load current strategy is the most popular choice
for the PCT. It is also the most severe because degradations
in the power module immediately result in an increase of ΔTj

with no compensation in the control strategy. Hence, the positive
feedback relationship between the interconnection degradations
and ΔTj leads to the lowest lifetimes. However, it is interesting
to evaluate the effect of this interaction between the stresses and
degradations in the power module lifetime and its dependence
on the level of stress (ΔTj ). The results highlighted in this paper,
thus, compare the two strategies to give a first indication as to
the level of this effect. In addition, concerning the constant load
current strategy, the initial ΔTj is used for positioning the aging
test point in the Nf−ΔTj graph, even if there is a continuous
change in ΔTj during the tests until the failure.

The constant ΔTj strategy can be obtained by varying
tON/tOFF [13], [14] or gate voltage regulation. This strategy
leads to avoid the positive feedback between degradations and
thermal stresses. Contrary to the constant load strategy, this strat-
egy compensates degradation effects in the module and therefore
leads to highest lifetimes. The constant ΔTj method has been
implemented by varying the tON/tOFF parameters [13]–[15] but
very few papers report a gate voltage regulation implementation
[16], [17]. However, since the tON parameter also has a strong
influence on lifetime results, this way to maintain constant ΔTj

presents an important drawback and leads to difficulty in the
interpretation of the results.

In order to overcome this issue, we implemented the other
way for achieving a constant ΔTj strategy, i.e., by regulating
the gate voltage (VGE).

From an academic point of view, this PCT strategy by VGE
regulation allows

1) a rigorous positioning of the test point in the Nf−ΔTj

graph to avoid inaccuracies in the extrapolation at low
ΔTj . With the other strategies, the shift in ΔTj during
aging makes unclear this positioning in the graph;

2) the investigation of cumulative damage mechanisms under
constant thermal stress conditions.

Concerning this last point, one should keep in mind that the
stress profiles in real applications consist of different ΔTj levels
in arbitrary sequence. Hence, the linearity of cumulated dam-
age, or Miner rules, needs to be verified. Thus, the constant ΔTj
strategy allows to simplify further investigation on the effect of
sequence and interaction of various ΔTj . Therefore, the pre-
sented method to perform constant ΔTj tests, in combination

with a control of TJ MIN, makes it possible to clearly show the
effect of each test parameter.

The main objective of this paper is to describe the results
obtained using a dc-mode power cycling with a constant ΔTj

strategy by gate voltage regulation. The PCT tests have been
done on SKIM63 modules from Semikron in order to compare
the results obtained by the proposed test strategy with those done
with a constant load current strategy in [4]. This comparison is
intended to enhance the knowledge on the effect of the thermal
parameters and the quality of lifetime models. Moreover, as
the test vehicles are without baseplates, assembled in pressure
contact technology with silver sintering die-attaches, the top-
metallization and wire-bond contact degradation mechanisms
can be specifically targeted during such power cycles.

II. CONSTANT ΔTj POWER CYCLING STRATEGY

A special feature of the proposed power cycling strategy con-
sists of controlling the temperature swing ΔTj . For this purpose,
gate voltage regulation cards (VGE cards) have been designed.
Their operation is based on the modification of the gate volt-
age VGE based on a proportional–integral controller. When ΔTj

is higher or lower than the set-point value, the controller re-
acts on the gate voltage VGE to increase or decrease ΔTj . The
quantity of the incremental or decremental voltage is calculated
from the difference between the measured ΔTj and the set-point
value. The variation of the gate voltage VGE causes a change in
the collector–emitter voltage (VCE), and thus in the dissipated
power in the insulated gate bipolar transistors (IGBTs) and ad-
justs the temperature swing ΔTj . The gate voltage regulation
is only activated during the heating phase of each cycle. Dur-
ing the cooling phases of the power cycling, the load current
is switched-OFF by the auxiliary devices and the gate voltages
of the tested modules are forced to 15 V. This is done in order
to monitor the maximum junction temperature (TJ MAX) by VCE

measurement [thermosensitive parameter/thermosensitive elec-
trical parameter (TSEP)] at VGE = 15 V, at the early beginning
of the cooling phase at each cycle.

A result of the temperature swing regulation at the low side
of a module is illustrated in Fig. 1 for the test conditions
ΔTj = 110 ◦C, tON = 3 s, and TREF = 35 ◦C. From a low value
of temperature swing ΔTj around 102 °C, the VGE controller
progressively reduces the gate voltage during the heating phases,
i.e., during tON, and thus increases the power losses until ΔTj

reaches the desired value (110 °C), see Fig. 1(a). The obtained
ΔTj fluctuates with a margin of ±0.5 °C around the set-point
values. The minimum junction temperature (TJ MIN) reaches the
cooling temperature, referred to as reference temperature, with
little evolution of this temperature observed throughout the test-
ing. A detailed view of the gate voltage waveform during some
cycles is shown in Fig. 1(b), where it can be observed that for
that case conditions, VGE is regulated around 11.5 V during the
heating phases (tON) of power cycles and, as explained above,
set to 15 V during the cooling phases (tOFF) for TSEP mea-
surements. As a result, the temperature profile during PCT is
completely regulated.



TRAN et al.: CONSTANT ΔTj POWER CYCLING STRATEGY IN DC MODE 2173

Fig. 1. Example of temperature regulation (ΔTj = 110 ◦C, tON = 3 s, and
TREF = 35 ◦C). (a) Gate voltage regulation during a long period. (b) Detail of
the gate voltage waveform during some cycles.

Finally, as indicated above, a thermal calibration is needed
for the TSEP measurements. This calibration allows to establish
a relation between the direct drop voltage (VCE) and the junction
temperature (Tj ). This is done by using a calibrated low collector
current (ISENSE = 50 mA), in order to avoid any self-heating,
and controlled temperature environment for the devices under
test (DUTs). The obtained thermal sensitivity of the DUTs is
–2.5 mV/K.

III. EXPERIMENTAL SET UP

A. Description of the Test Modules and Their Environment

The tested modules are commercially available SKIM63
(1200 V–300 A), produced by Semikron. These devices are
six-pack modules with three individual phase legs on separated
DBC substrates.

The power cycling is carried out only on the central leg of
tested modules, which constitutes two DUTs high-side and low-
side switches as shown in Fig. 2. Each DUT includes four
IGBTs and two freewheel diodes on the DBC with silver-
sintered die-attaches. Additionally, the DBC is directly mounted
on the heatsink by pressure contacts and pre-applied thermal

Fig. 2. Central leg of module SKIM63.

Fig. 3. Mounting detail of the SKIM63 module on the heatsink.

grease without lead frame. This allows to target the degradation
only at the top side connection, made by traditional aluminum
wire bonds, and to minimize degradation at other layers of the
module. All controls and measurements are realized with a
spring contact system, in order to ensure secure and even pres-
sure. A specially designed printed circuit board (PCB) interface
card is mounted on each module to access the measurement of
the drop voltage VCE and the control of the gate voltage VGE.

In order to reach high-temperature swing levels (110 °C),
a 5-mm-thick aluminum plate is inserted between the module
and the cooling device (cf., Fig. 3). A thermal grease layer is
deposited between the module and the aluminum plate. The test
modules are also mounted on the coolers, which are designed to
respect the homogeneity of water flow rates.

B. Description of the DC Power Cycling Test Bench

The developed dc test bench is capable of performing tests
on two groups of three power modules under two independent
conditions. This is done in order to parallelize the tests be-
cause of the large number of tests to be performed (see Table I).
For this purpose, the test bench includes two power supplies
AMREL 16 V–600 A (SPS16-600-K0E3). Each one supplies
the dc current for each group of modules. The schematic power
circuit for each group of the test bench is shown in Fig. 4. The
switching system is managed by a Micro830 programmable con-
troller so that only one module, for each group, conducts at any
time. The current setting is also controlled by the Micro830. The
load current is measured by current sensors. All electrical and



2174 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

TABLE I
PCT TEST CONDITIONS

Fig. 4. Schematic power circuit for one group.

TABLE II
COMPARATIVE PCT TEST CONDITIONS

thermal measurements are monitored and recorded with a data
acquisition system (Dewetron). The switching sequence is con-
trolled by an electrical circuit using auxilliary power MOSFETs.
A permanent low current (ISENSE = 50 mA) is flowing through
the DUTs in order to get the junction temperature (Tj ) by the
TSEP, i.e., the collector–emitter voltage (VCE @VGE = 15 V).

The case temperature, below each IGBT chip of the central
leg, and inlet water temperature are measured by close thermo-
couples for evaluating junction-to-case (RTHJC) and junction-
to-water (RTHJW) thermal resistances. In order to highlight the
effect of thermal stress factors on the power module lifetime, a
total of 12 tests are performed, based on a fractional experimen-
tal design considering three factors: junction temperature swing
(ΔTj ), minimum junction temperature (TJ MIN), and power-ON

time (tON), see Table II. The test conditions are defined taking
into consideration the maximum operating temperature of the
SKIM63 module (175 °C). Furthermore, the minimum junction
temperature is kept above the dew point temperature (15 °C) to
avoid problems due to moisture and humidity.

Fig. 5. Case temperature evolution under the chips of a high-side switch
(see Fig. 2) during power cycles (ΔTj = 110 ◦C, tON = 20 s).

Two different power-ON duration tests were performed in or-
der to investigate the effect of this parameter on the lifetime and
on the degradation process: short cycles (tON = 3 s, tOFF = 6 s)
and long cycles (tON = 20 s, tOFF = 40 s). It has been verified
that both the long and short cycles have led to the same damage
and failure mode, i.e., at the top-side interconnection, and no
degradation has been produced at the die attach. The power-OFF

duration (tOFF) is twice as long as the power-ON duration (tON)
in order to reach the reference temperature of the cooling sys-
tem at the end of each power cycle. The load current IL and
water temperature TW are defined as setting parameters. For
the best temperature swing regulation, initial gate voltage is set
around 11 V. For security reason, stop conditions (warnings)
were implemented on the test bench. These alarms are managed
by the data recorder (Dewetron) and Micro830 programmable
controller. Conditions and criteria for these alarms are given as
follows.

1) Abnormal drop voltage (VCE > 3.1 V).
2) Loss of ΔTj control (VGE < 10.4 V).
3) Excessive case temperature (depending on test condi-

tions).
4) Excessive junction temperature (TJ MAX > 170 ◦C).
A possible problem, due to a reduction in gate voltage with

paralleled IGBT dies, could lead to a small decrease in the
positive temperature coefficient and to a less homogeneous cur-
rent and temperature distributions among the dies. As shown
in Fig. 2, the substrates used here have four IGBT chips per
switch. The junction temperature (Tj) being measured by the
TSEP, which gives an average value over the set of four chips,
it is impossible to have the distribution on each of them. For-
tunately, case temperatures are measured under each chip by
thermocouples, very close to the chips as there is no base plate.
As illustrated, Fig. 5 shows that the maximum case temper-
atures (TC -max) of the two central chips are 6 °C hotter than
the lateral ones during PCTs for the worst-case test conditions
(ΔTj = 110 ◦C, tON = 20 s, Tref = 55 ◦C). This is, of course,
a consequence of a temperature difference in chips, which is
mainly due to thermal coupling between the central chips. In
addition, if a significant current imbalance is reached between
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Fig. 6. Aging/characterizations phases’ procedure. (a) Schematic diagram
of aging/characterization phases. (b) Load current (IL ), forward drop voltage
(VCE), and gate voltage (VGE) measurement during a characterization phase
between two cycling phases.

the chips, it would lead to more severely damaging the chips
that have the highest stress (central ones) and therefore increas-
ing their collector–emitter voltage (VCE ). This would result in
rebalancing the current to the lateral chips. In conclusion, the
results obtained show that the possible imbalance of current di-
rectly due to the reduction of VGE (between 15 and 11 V) is not
significant.

The chosen aging indicators are collector–emitter voltage
drop (VCE) and junction-to-water thermal resistance (RTHJW).
These parameters are always measured under the same condi-
tions before, during, and after the aging in a static characteriza-
tion phase. During the power cycling, the aging is automatically
and regularly interrupted and the characterizations of aging in-
dicators are performed, as shown in Fig. 6(a). During this “char-
acterization phase,” the control of ΔTj is interrupted, the gate
voltage VGE is set to 15 V and the load current IL is set to 150 A,
as shown in Fig. 6(b). This current is injected alternatively in
each module during 10 min and then switched-OFF for a cooling
phase.

A characterization current ISENSE of 50 mA, permanently
injected into each DUT, allows to monitor the junction temper-
ature Tj by the TSEP (VCE) measurement. This is done in order
to determine the maximum junction temperature TJ MAX at the
end of each heating phase just after the current is switched-OFF

when thermal equilibrium is reached.
It should be noted that the measured voltage VCE may possibly

include a contribution (ΔVCE therm) due to an increase in ther-

mal resistance from possible delamination of the die attach or
other layers below. This contribution needs to be removed from
the measured VCE in order to detect only the contribution due
to top-die interconnection degradations. Any delamination is
detected by thermal resistance measurements. Thus, a correc-
tion on the measured VCE is done (VCE cor) that represents only
the degradations related to top metal and bonding wires contacts.

For the estimation of ΔVCE therm, a thermal calibration is car-
ried out at the beginning of PCT at the same conditions as the ag-
ing indicators characterizations (IL = 150 A and VGE = 15 V).
The drop voltage VCE is recorded and plotted in a tempera-
ture range from 75 °C to 90 °C after reaching thermal equilib-
rium. This variation in temperature is obtained by modifying
the inlet water flow to change the cooling performance. The ob-
tained dependence between the junction temperature (Tj ) and
the drop voltage (VCE) is linear and offers an average corrective
coefficient of VCE about 1.19 mV/K. This enables a corrective
ΔVCE therm to account for the possible difference between Tj0
and Tj , respectively, the measured junction temperatures at ini-
tial and actual characterizations. As expected, all tests have led
to insignificant Rth increase, so that ΔVCE therm ≈ 0 and so
VCE cor ≈ VCE.

A test on a module is stopped as soon as one of the aging
criteria is met by one of the two DUTs in series in the same
module.

1) The corrected drop voltage VCE cor reaches 5% increase.
2) The junction-to-water thermal resistance RTHJW reaches

20% increase.

IV. POWER CYCLING TEST RESULTS

As expected, no delamination occurred during aging, espe-
cially at the sintering layer used for the die attach. This result
is confirmed by scanning acoustic microscopy (SAM) analyses
performed after the aging for both long [see Fig. 7(a)] and short
cycling [see Fig. 7(b)]. Hence, the degradation of wire bonds is
the only failure mode.

All cycling tests were stopped due to the failure condition on
the corrected drop voltage VCE cor, corresponding to an increase
of more than 5%. Within the test modules, the device failed
arbitrarily in either low side or high side or both. The equivalent
probability of the defective side proves that thermal coupling is
homogeneous between the high and low side of the DUTs.

After the aging tests, the wire bonds degradations are inves-
tigated by digital microscopy. An example of the failure anal-
ysis results, performed on a module of the campaign B(S) (see
Table I), is summarized in Fig. 8(a). Wire bond lift-off is the only
failure mechanism detected and no heel cracks were observed.
Furthermore, the lifted bond wires have been found mainly at
the center IGBT dies of the failed side in all cases, as indicated
by red rectangles of dies 4 and 6. The number of defective bond
pads of each side seems to be coherent with the corrected VCE

rates. Fig. 8(b) shows a local view of four lifted-off bond wires
of die 6. This can be explained by the mutual thermal effects be-
tween the two center chips, which lead to higher thermal stress.
This observation has been verified by case temperature under the
four central dies of the low and high side. As already mentioned,
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Fig. 7. SAM image of a SKIM63 module under long cycling. (a) Test
conditions: TJ MIN = 35 ◦C, ΔTj = 110 ◦C, tON/tOFF = 20 s/40 s, and un-
der short cycling. (b) Test conditions: TJ MIN = 55 ◦C, ΔTj = 90 ◦C, and
tON/tOFF = 3 s/6 s.

Fig. 8. Failure analysis of a module of campaign B(S), characterized by
TJ MIN = 55 ◦C, ΔTj = 90 ◦C, tON = 3 s, tOFF = 6 s, IC = 240 A, and
TW = 43 ◦C.

during the PCT, case temperature measured by thermocouples
is about 5–6 °C higher at center dies than in corner ones for
highest stress conditions.

As results illustrative of the aging process, Figs. 9, 10, and
11 show the increase of the relative variation of VCE between
the initial and the current values (ΔVCE/VCE) during tests for
the three swing temperatures ΔTj = 110 ◦C, 90 °C, and 70 °C,
respectively, with all of other conditions remaining constants
(tON = 3 s/tOFF = 6 s, TJ MIN = 55 ◦C). All results concerning

Fig. 9. Evolution of corrected collector–emitter voltage of the three mod-
ules of test C(S), TJ MIN = 55 ◦C, ΔTj = 110 ◦C, tON = 3 s, tOFF = 6 s,
IL = 260 A, and TW = 40 ◦C.

Fig. 10. Evolution of corrected collector–emitter voltage of the three mod-
ules of test B(S), TJ MIN = 55 ◦C, ΔTj = 90 ◦C, tON = 3 s, tOFF = 6 s,
IL = 240 A, and TW = 43 ◦C.

Fig. 11. Evolution of corrected collector–emitter voltage of the three mod-
ules of test A(S), TJ MIN = 55 ◦C, ΔTj = 70 ◦C, tON = 3 s, tOFF = 6 s,
IL = 210 A, and TW = 46 ◦C.
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the three DUT modules are shown, both on the high sides (solid
lines) and low sides (dotted lines) of each leg.

These figures highlight the following findings.
1) The increase in VCE begins at the very beginning of the

aging process. This indicates that a degradation process
starts from the first cycle whatever the stress condition.

2) Three different regimes can clearly be observed from all
curves.

a) The first one (zone 1) shows a ΔVCE/VCE increase
with a saturation-like shape until a value around
1.3%.

b) The second regime (zone 2) exhibits rather an expo-
nential increase of ΔVCE/VCE until approximately
3%.

c) The third regime has been already reported by many
authors and shows a sharp and stepped VCE increase,
which appears when bond-wire lift-off occurs at the
final stage of the aging [3], [8], [15].

In these figures, zone 1 is remarkably reproducible for all
DUTs under the same test conditions. It starts from the beginning
and ends at approximately the same increase of the relative
variation value in VCE (around 1.3%). More dispersions of the
increase in VCE are visible in zone 2 (see Fig. 10). This is
why zones 2 and 3 are not clearly distinguished, as this is only
possible for individual curves.

These observations suggest that from the very beginning,
three different degradation processes take place and can be
clearly detected. In the following, some hypotheses and inter-
pretations are proposed but they still have to be confirmed by
specific experimental characterizations. At the very beginning,
the first regime could be the expression of the degradation of
the top metal (reconstruction), which could lead to an increase
of ΔVCE/VCE with a saturation effect on this parameter through
an increase of the top-metal resistance. Then, a second degra-
dation mechanism is superimposed, which could be due to the
crack initiation and propagation of the wire-bond contact with
the top metallization. The observed exponential-like increase
of ΔVCE/VCE is coherent with a regular increase of the electri-
cal contact resistance due to the crack propagation at the bond
contact. At the end, the final step is the bond-wire lift-off as tra-
ditionally observed and clearly expressed by sharp and stepped
VCE increase.

As an additional finding, if the previous curves (from
Figs. 9–11) are plotted in the same graph with a normalized
x-axis to number of cycle to failure (Nf ), the obtained figure
highlights the following remarkable finding: globally, the shape
of the VCE increase does not depend on ΔTj . This is visible in
Fig. 12 but for the sake of clarity, only one of the six curves for
each ΔTj condition is represented.

This suggests that for the constant ΔTj power cycling strategy
not only are the same damage mechanisms taking place at the
same N/Nf ratio of the aging process, but also that a linear
cumulative damage law could be a reasonable assumption.

The results of ten test campaigns allow to generate the evo-
lution laws Nf (ΔTj ) for different combinations TJ MIN − tON

(see Fig. 13). As a result, it can be observed that the slopes
are systematically increased in the range ΔTj = [70 − 90 ◦C]

Fig. 12. Evolution of corrected collector–emitter voltage cycle to failure graph
(TJ MIN = 55 ◦C, ΔTj = 70 ◦C, 90 ◦C, and 110 °C).

Fig. 13. Dependence of Nf on setting parameters ΔTj , TJ MIN, and tON.

comparatively to those in the range [90–110 °C]whatever TJ MIN

and tON. This can be possibly explained by the missing positive
feedback between stresses and damages, as shown in Section V.
Specific numerical studies, including the damages effects on the
electro-thermo-mechanical behavior of the devices, have to be
performed in order to understand how this feedback acts for a
given stress level. It should also provide information on how
this feedback acts for low ΔTj conditions, i.e., under field oper-
ating conditions, and also on the possible interactions between
stresses, if any.

Finally, in spite of the slope change, a constant factor between
1.8 and 2 is found between cycles to failure (Nf ) given by short
PCTs (tON = 3 s) and long PCTs (tON = 20 s) under the same
conditions of ΔTj at TJ MIN = 35 ◦C. This factor is coherent
with the results published in [7] and [10].

V. DISCUSSION

The obtained results, in Fig. 13, are performed at test condi-
tions relatively close to those presented in [4], which have been
obtained using the “constant ΔI” strategy, as shown in Table II.
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Fig. 14. Comparison between our PCT results (in red) and published results
in [4] (in green).

The parameter tOFF does not have any direct influence on num-
ber of cycles to failure (Nf ), and therefore, it is interesting to
compare obtained results and to analyze the influence of the
tests strategies.

The comparison between these results (in red markers) and
those in [4] (in green markers) is plotted in Fig. 14.

First of all, if one considers the results from this paper with
TJ MIN 35 ◦C (solid red line) and those in [4] for TJ MIN 40 ◦C
(solid green line), it can be noted that the latter results are
relatively close in the range ΔTj = [90 − 110 ◦C] but slightly
lower for ΔTj = 70 ◦C.

For a relevant comparison of these results, since the other pa-
rameters are almost the same, two factors have to be considered:
tON and test strategy. On the one hand, the smaller the tON, the
higher the lifetime should be, on the other hand, “constant ΔI”
should lead to lower lifetimes. If we consider the test strategy,
the Nf values obtained in this paper should be greater than those
in [4], but it is the contrary if we consider tON. In view of the
comparative results in Fig. 14, the test strategy seems to have
more influence than tON in the lifetime.

However, there is one factor that can potentially hinder this
comparison. As ΔTj is not constant in [4], this parameter will
rise during PCT, and probably TJ MIN as well considering the
insufficient cooling time. In other words, the lower lifetimes
observed in [4] are caused mainly by the test strategy that leads
to gradual increase of ΔTj during aging, and also because
of the probable increase of TJ MIN caused by the small value
of tOFF.

In addition, not only the values but also the slopes in the
range ΔTj = [ 90–110◦C] are quite identical for both tests be-
fore divergence for lower ΔTj . This suggests that the feedback
impacts between stresses and damages encountered in the “con-
stant ΔI” strategy are more important for low ΔTj (i.e., high
Nf ) and almost negligible for high ΔTj (i.e., low Nf ). A possible
interpretation is that for tests with high stresses, the interaction
with the damage does not have the time to take place and to
produce these effects. While for lower values on ΔTj , these in-

teractions and their effects take place largely, leading to higher
discrepancies in lifetime between the two tests strategies.

These results suggest that in the case of high stresses, the
“constant ΔTj ” strategy with VGE regulation gives values close
to a “constant ΔI” strategy but that the extrapolation toward
low values of ΔTj remains questionable for the first strategy. It
should be noted that these conclusions could only be possible
by performing constant ΔTj tests by VGE regulation that is the
best way to compare correctly the results with a “constant ΔI”
strategy. So far, this type of comparison has been done with a
“constant ΔTj ” strategy by tON regulation that would produce
different results to those obtained in this paper. Of course, this
discussion does not take into account the possible inaccuracies
in results on PCT tests both in [4] and in this paper.

Beyond these comparisons of PCTs in the dc mode, it would
be interesting to know how advanced PCTs, in the pulsewidth
modulation mode [18]–[20], would position themselves in rela-
tion to these dc tests.

VI. CONCLUSION

In this paper, power cycling with the “constant ΔTj ” strategy
has been performed by using gate voltage (VGE) regulation in
order to correctly compare results with other PCT strategies. The
tests have been done specifically on SKIM63 modules that are
well-suited to investigate the effects of thermal stresses (ΔTj )
on top-metal and bond-wire contacts degradations. These tests
have also been used in order to compare results on the same
modules in a “constant ΔI” strategy with quite similar stress
conditions.

As expected, the results have led to bond-wires lift-off fail-
ures only. From aging indicator on the collector–emitter voltage
(VCE), the results clearly show three regimes of degradation
whatever the applied stress conditions. As an additional finding,
the results suggest a reasonable assumption of linear cumula-
tive damage law for a constant ΔTj power cycling strategy.
However, this has to be confirmed with further tests.

Comparative results in “constant ΔTj ” and “constant ΔI”
PCTs have shown that the feedback impacts between stresses
and damages encountered in the second strategy are more im-
portant for low ΔTj than for high ΔTj . Furthermore, the results
show that in case of high stresses, the “constant ΔTj ” strategy
with VGE regulation gives values close to a “constant ΔI” strat-
egy but that the extrapolation toward low values of ΔTj remains
questionable for the first strategy.

These results and assumptions need to be completed by fur-
ther numerical analyses by taking into account such stress-
degradation interactions.
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