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Abstract—The application of wide bandgap semiconductors
poses challenges to the packaging reliability of power modules
under high dV/df square wave voltage and high temperatures. The
partial discharge (PD) occurring in the encapsulant is one of the
main causes resulting in packaging insulation aging and failure.
However, limited research focuses on the effects of temperature and
square wave parameters on packaging insulation aging principle
and the exact mechanisms remain largely unknown. To address
that, this article focuses on the aging process of power module pack-
aging insulation due to PD under high dV/df square wave and high-
temperature coupling stresses. The specially designed down-mixing
PD detection system is applied to extract PD signals during aging.
The experimental results indicate that the magnitude of PD shows
a fluctuating growth trend during aging, and PD activity reaches
severest before breakdown. As the temperature rises, the lifetime
of the power module packaging insulation decreases, accompanied
by an increase in the magnitude and pulse repetition rate of PDs.
The longer rise time and lower voltage frequency of the square
wave usually lead to longer lifetimes. The effects of temperature,
rise time, and voltage frequency on PD behaviors are analyzed
based on the discharge mechanism and finite element electric field
simulation. Moreover, the total accumulation damage of PD during
aging is primarily correlated with temperature, and based on that,
thelifetime estimation model of power module packaging insulation
considering temperature and PD aging factors is proposed for the
first time, which provides the reference for the condition evaluation
of the power module.

Index Terms—Aging, high temperature, lifetime, partial
discharge, power module, packaging insulation.

I. INTRODUCTION

HE reliability of the power module plays a critical role
in power conversion and transmission, which serves as
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a key factor in the stable operation of the power system. The
issues of power module failure due to packaging insulation aging
account for a significant proportion [1]. With the application
of wide bandgap (WBG) semiconductors, silicon carbide (SiC)
for example, the new generation of power chips provides faster
switching speeds, higher operation voltages, higher operating
temperatures, and smaller size, which poses more challenges
to the reliability of the power module packaging insulation at
high temperature and high voltage (HV) [2]. In light of this
current situation, it is essential to conduct research on the aging
and lifetime characteristics of power module packaging under
high temperature and high voltage coupling stresses. Existing
research on power module aging mainly focuses on the damage
of dies and packaging caused by thermal stress and power
cycling, such as emitter metallization of the semiconductor
die, the increase of on-state voltage drop [3], [4], [5], fatigue,
deteriorating the thermal and electrical performance [6], [7], and
the bonding wire failures [8], [9], [10].

The semiconductor die of the power module typically operates
in switch mode, with either a freewheeling diode connected in
reverse parallel across its two terminals or an intrinsic parasitic
reverse diode [10]. Therefore, the packaging insulation generally
operates under the unipolar square wave voltage. The short
switching time and high operation voltage provide high dV/dr
(also known as slew rate, SR) of up to tens or even hundreds
of V/ns with the development of WBG semiconductors. Under
unipolar high dV/dr square wave voltage, the energy generation
and transfer processes include the local distribution of elec-
trostatic and electromechanical energy, the release of trapped
charge energy, energy transfer due to carrier recombination,
and the energy release from polarons due to released charges.
The various charge-energy interactions of microscopic charges
under square wave voltages may damage the molecular structure
by generating hot-electron bombardment of molecular chains,
transferring energy through recombination luminescence, and
mechanical stress cycling. That can lead to the formation of
mesoscopic micro defects such as free radicals and low-density
regions and with the accumulation of damages, the mesoscopic
or micro defects develop into macroscopic cavities/air gaps,
which in turn trigger the partial discharge (PD) [11]. The PD
occurring in the encapsulant (such as silicone gel or elastomer)
is one of the main causes resulting in packaging insulation
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Fig. 1. (a) Components of a typical power module. (b) Components and their
assembly of the specimen.

degradation, aging, and even breakdown. The study on the
operating temperature of a SiC-based power module shows that
the junction temperature can reach more than 200 °C [1]. High
temperatures affect the dielectric properties of insulation mate-
rials and PD behaviors, resulting in severe damage and aging
of packaging insulation [12], [13], [14], [15], [16]. However,
the aging failure of power module packaging insulation caused
by PDs, and the PD evolution during the aging process at
high temperatures are rarely reported. Studies on electrical trees
and PD behaviors during tree growth in silicone gel for power
module packaging indicate that higher voltage frequency, shorter
voltage rise time, and higher temperature can lead to lower
electrical tree inception voltage, longer tree length, and more
severe PDs [17], [18], [19], [20], [21], [22]. Although electrical
treeing growth can provide references for packaging insulation
aging due to PDs, the experimental samples of electrical trees
are mostly designed based on the needle-plane structure and
differ significantly from the actual electrode shape inside power
modules. Therefore, it is inappropriate to analyze the aging of
power modules solely based on the electrical treeing growth, and
the test sample consistent with the packaging insulation structure
and actual operation voltage of the power module should be used
for PD aging research.

Characteristics of charge transport, PDs, and lifetime of
solid insulation materials under high dV/dt are rarely studied,
which differ from those under conventional sinusoidal and dc
voltages [23]. Moreover, the rapid electric field change due to
the high dV/dr of the square wave causes displacement currents
and electromagnetic waves, which severely interfere with PD
detection, bringing difficulty in studying PD evolution during
the aging process. In our previous work, high-pass filtering and
down-mixing techniques are combined to suppress electromag-
netic interference (EMI) and effectively extract the discharge
signal [2], [23], [24], [25], laying the foundation for investigating
the evolution of PDs in the power module packaging insulation
during aging in this article.
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Fig. 2. Circuit diagram (a) and photo (b) of the down-mixing PD detection

system.

To address the aging and failure of power module packaging
insulation due to PDs, this article focuses on the PD evolution
and aging process of power module packaging insulation under
high dV/dt square wave and high-temperature coupling stresses,
providing the reference for the research on the lifetime and reli-
ability of power modules. The specially designed down-mixing
PD detection system is applied to extract and continuously
record PD data during aging. The evolution of the magnitude
and pulse repetition rate of PDs and the lifetime during aging
under different temperatures are investigated first. Subsequently,
the effects of square wave rise time and voltage frequency on
PD characteristics during aging and lifetime are studied. The
effects of temperature, rise time, and voltage frequency on PD
evolution are analyzed based on the discharge mechanism and
finite element electric field simulation. Moreover, a lifetime
model of power module packaging insulation considering the
aging effects of high temperature and PD damage accumulation
is proposed for the first time based on the analysis of PD
evolution.

II. EXPERIMENT SETUP
A. Specimen Design and Fabrication

The specimen for aging experiments is based on the actual
packaging structure of the power module. Fig. 1(a) shows the
components and internal structure of a typical power module.
The study about electric field based on finite element analy-
sis shows that the triple junction of the encapsulant-copper-
ceramics of direct-bonding copper (DBC) substrate edges is
usually the high electric field point and PD inception position
[26], as marked by the red circle in Fig. 1(a). Based on the
components and structures shown in Fig. 1(a), the specimen
consists of a DBC substrate, a copper baseplate, two soldered
copper pillars, and a polytetrafluoroethylene housing, as shown
in Fig. 1(b). The curvature radius of the electrodes of the DBC
substrate is 0.3 mm and the distance from the L-shaped electrode
to the square electrode is 0.5 mm. The thicknesses of the copper
electrodes and the AlsO3 ceramic plate are 0.3 mm and 1 mm,
respectively, and the other specific dimensional information of
DBC substrate is indicated in Fig. 1(b). The specimen surface
is cleaned with anhydrous ethanol to remove any potential oil,
dust, and other contaminants, then it is placed in a vacuum oven
at 90 °C to remove any residual solvent and ensure thorough
drying. Subsequently, plasma treatment is applied to further
clean the surface and enhance the adhesion of the encapsulant.
Silicone elastomers are more suitable for the encapsulation of
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Fig. 3. Typical output waveforms of the HV square pulse generator.

HV power modules due to their better insulating properties
than silicone gels. The applied encapsulant in this work is a
two-component silicone elastomer (Ausbond-195, —60-200 °C
of recommended operating temperature), with a mixing ratio of
10:1, and placed in a vacuum oven at 30 °C for 20 min to degas
and cure. The position between two electrodes is observed with
an optical microscope after the silicone elastomer is fully cured,
and no obvious bubble exists, as shown in Fig. 1(b). Another 24
h of degassing are also applied after the curing to remove the
possible byproducts.

B. Down-Mixing PD Detection System

The main principle of the down-mixing PD detection system
is to apply a high-pass filter to suppress the EMI and extract the
PD signal according to their difference in the ultrahigh frequency
spectrum, and then to apply the down-mixing technology to
shift to lower frequencies of the acquired signal. The system not
only can effectively extract PD signals under high dV/ds square
waves but also requires a lower sampling rate of the acquisition
equipment due to the low-frequency band of the output signals,
which is especially suitable for the detection and storage of
continuous PDs under the square wave. The circuit diagram and
photo of the down-mixing PD detection system are shown in
Fig. 2. The ridged horn antenna (0.5-10 GHz) is applied as
the PD sensor. The lower cutoff frequencies of the high-pass
filters and the upper cutoff frequency of the low-pass filter are
all 1 GHz. The effective frequency bands of the HF and LF
amplifiers are 0.5-8 GHz and 0.1-1000 MHz, respectively, and
the gain of both is 20 dB. The input and output frequency bands
of the mixer are 0.75-4.2 GHz and dc-1.5 GHz, respectively.
More details about the down-mixing PD detection system are
described in [2].

C. Experimental Procedure

The unipolar HV square wave generator based on an HV
transistor switch, as described in [2], is applied as the power
supply, with an output voltage of 0 to 15 kV and 50 ns of the
shortest rise time. Its circuit board design is optimized to reduce
stray capacitance and parasitic inductance, and its exposed metal
parts are covered with single-component silicone to avoid corona
discharge and surface flashover. The typical output waveforms
of the HV square wave generator are shown in Fig. 3, with no
voltage overshoot at both the rising and falling edges. The elec-
trothermal coupling-stress aging of power module packaging
insulation, PD detection, and data storage experimental setup is
shown in Fig. 4.
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The specimen is placed in a thermostatic oven to maintain
the constant set temperature. The antenna faces the transparent
glass window of the oven’s door to capture the PD signal. An
HV probe (Tektronix P6015a) is connected in parallel to the
specimen to measure its voltage in real-time. A Hall current
sensor (WCS1800) is added to monitor the current flowing
through the specimen to avoid overcurrent. According to IEC
60270, the PD test standard [27], the system has been tested
with no load under the square wave of 15 kV to ensure the
experimental system free of PD. The L-shaped electrode of
the DBC is connected to the HV and the square electrode
and the baseplate are grounded, respectively. PDs only occur
between the L-shaped and the square electrodes because the
distance between the L-shaped electrode and the baseplate is
much greater than that between it and the square electrode.
The typical detected PD signal and square wave waveform
are shown in Fig. 5 and it indicates that the down-mixing PD
detection system provides a great signal-to-noise ratio to PD
signal recognition. The approximately proportional relationship
between the magnitude of electromagnetic waves generated by
PDs and the amounts of apparent charges is reported [28]. The
investigation of the relationship between the magnitude of the
down-mixed signal and apparent charge quantity is described
in [2] and it will not be elaborated further in this article. Fig. 6
shows the approximately proportional relationship between the
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down-mixed signal magnitude and apparent charge quantity.
Thus, based on that approximately proportional relationship, the
down-mixed PD signal magnitude is used to characterize the PD
intensity, hereafter referred to as PD magnitude.

Considering the multiconditions in the aging experiment, the
description of “temperature (°C)-voltage frequency (kHz)-rise
time (ns)” is adopted for the specimen (the square wave duty
cycle is always fixed as 50% without additional labeling). For
example, at 180 °C, applying a square wave of 5 kHz, with arise
time of 150 ns, it is described as 180-5-150. The PD inception
voltage (PDIV) of the specimen needs to be measured first before
aging. The parameters of the square wave for PDIV tests are set
as 5 kHz of voltage frequency, 150 ns of rise time, and 50% of
the duty cycle. The PDIV of each specimen is tested five times
with a voltage-increasing rate of 100 V/s and the average value
is regarded as the PDIV. More details about PDIV tests can be
found in [2]. The tested PDIV of the specimen varying with
temperature is shown in Fig. 7.

Before applying voltage, the specimen needs to be adequately
heated in the oven for at least 30 min to keep a uniform tempera-
ture distribution, and an infrared thermometer is used to confirm
that it reaches the set temperature. When the specimen breaks
down, the aging ends and the data acquisition program stops.
The duration from the start of aging to breakdown is recorded as
the lifetime of the specimen. Five specimens are aged separately
for each experimental condition.

III. AGING EXPERIMENTAL RESULTS AT DIFFERENT
TEMPERATURES

For the experiments in this section, the voltage frequency and
rise time of the square wave are 5 kHz and 150 ns, respec-
tively. Experimental temperatures are set as 120, 150, 180, and
210 °C. Choosing 210 °C as the maximum temperature for the
experiment considers: 1) the packaging insulation may have
to be subjected to such extreme temperatures under practical
working conditions and 2) the desire to explore the performance
of silicone elastomer under extreme conditions. The magnitude
of the square wave is set as 8 kV, which can induce continuous
PDs to lead to the aging of the specimens without causing rapid
breakdown.

A. PD Evolution During the Aging Process Under Different
Temperatures

Generally, PD starts from the edge of the copper electrode that
connects to the HV, usually at the corner position of the electrode
(because the electric field is usually the highest), but sometimes
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(c) One PD in rising edge. (d) One PD in falling edge.

there may be a start from other positions of the electrode (such as
the position of the tiny tip or protrusion), and according to [17],
[18], [19], [20], [21], the occurrence of the PD produces gas,
and a tiny air void can form inside. The phase distribution of PD
events under unipolar square wave voltage is generally related
to the local transient electric field (including the applied voltage
electric field and the space charge electric field) and the transient
charge transport properties. Under the unipolar square wave, the
mechanism of PD occurring at the rising edge and the flat part
is usually attributed to local breakdown, leading to the same
polarity of the discharge pulse current as the applied electric
field, while PDs occurring along and after the falling edge are
mostly attributed to the recombination of space charges, leading
to the opposite polarity of the discharge current [12]. The space
charges generated by the PD might weaken the local electric field
and may also provide the initial electrons for the next PD, leading
to the occurrence of phase differences in PD events. Typical PD
waveforms during aging are shown in Fig. 8. Mostly, two PDs
occur in one cycle, as shown in Fig. 8(a), with one at the rising
edge and the other at the falling edge. The case of three PDs in
one cycle can also occur sometimes, as shown in Fig. 8(b), which
might indicate more than one PD location or might be because
the localized electric field after the first PD still exceeds the PD
onset field. In rare cases, the magnitude of the first PD during
a cycle is small, resulting in fewer accumulated space charges,
and then no notable PD occurs at the falling edge, as shown
in Fig. 8(c). If no notable PD occurs during the rising edge or
flat part of the square wave, the previously accumulated space
charges may still recombine and lead to unique PD events during
the falling edge, as shown in Fig. 8(d). To avoid confusion in
presentation, both the first PD and second PD described below
refer to the PDs that occur before the falling edge during a square
wave cycle.

The magnitude and number of PDs are counted and analyzed
every minute to characterize the PD evolution during aging.
Considering the similarity of PD evolution processes at the
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same temperature and the limitation of space, Fig. 9 presents
the average PD magnitude and average pulse repetition rate
evolution during aging of the specimen with median lifetime
as typical examples at different temperatures.

From Fig. 9(a)—(d), it is obvious that at 120 °C, during the
initial stage of specimen aging, the PD magnitude and average
pulse repetition rate are low, exhibiting a slow evolution process,
while at higher temperatures, the average magnitudes of PDs
usually increase at a faster rate during evolution, and the pulse
repetition rates are also higher. During the aging inception stage,
the PD magnitude is relatively small, while the average pulse
repetition rate is usually around 2, which indicates that during the
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aging inception stage, small PDs frequently occur. Subsequently,
as aging progresses, the magnitudes of PDs do not increase
monotonically over time, but show a fluctuating growth trend,
while the pulse repetition rates fluctuate. This phenomenon
is similar to the PD evolution of the degradation of silicone
insulation containing a spherical cavity [29], which is related to
the accumulation of space charges and the gas pressure in the gas
cavity. Vigorous PD activity generates space charges and causes
silicone elastomer to degrade and produce gas, forming the gas
void. The accumulation of space charges under the unipolar
square wave at both ends of the gas void reduces the localized
electric field and the PD activity. Subsequently, the gas cavity
volume decreases, and the space charge gradually dissipates or
recombines, resulting in the enhancement of the electric field and
PD activity [21]. The above cyclic process repeats, eventually
leading to the aging of silicone elastomer until insulation failure
occurs.

On the eve of insulation breakdown, the PD magnitude in-
creases significantly, reaching the maximum value in the aging
process, with the average magnitude increasing by more than
50% compared with the early stage of aging. The average pulse
repetition rate reaches or even exceeds 2, which indicates that
the PD activity is most intense right before the final breakdown
occurs. The damage accumulation of PD on insulation is not
only related to the PD magnitude but also the pulse repetition
frequency of PDs because high-frequency PD can accelerate
the degradation of insulation. Therefore, the product of the PD
average magnitude and the average pulse repetition frequency
per unit time can be used as a proper indicator of aging.

B. Statistics of Lifetimes, PD Magnitudes, and Pulse
Repetition Rates

The lifetimes under different temperatures are plotted, as
shown in Fig. 10, where the red dots indicate the average lifetime
at each temperature, respectively. Fig. 10 shows that as the
temperature increases, the average lifetime of power module
packaging insulation decreases, and the decreasing trend be-
comes slower. To visualize the correlation between temperature
and PD behavior, the average PD magnitude and average pulse
repetition rate of all the specimens aged in this section are
counted, as the blue curve and orange bars are shown in Fig. 10.
The statistics in Fig. 10 show that the average PD magnitude
and pulse repetition rate of the specimens during the aging tend



DING et al.: AGING AND LIFETIME OF POWER MODULE PACKAGING INSULATION DUE TO PARTIAL DISCHARGE

Lifetime —@®—  Average magnitude --M-- Aeverage pulse repetition rate [
30

2
= =
20F /+/__§ ' 260 ] g
= )
= 220 | <
Eof E E 2,
. E] :
E E ..... § 150 ] °
Sof I # S0 ]
3 o F
5 100 f-
1.92 1.83 1.77 E P, ,E:: 2
fos 2
. . o

0 200 400 600 800
Rise time (ns)

o
=3
S

Fig. 11.  Statistics of lifetimes, PD magnitudes, and pulse repetition rates under
different rise times.

to increase with temperature. Moreover, for specimens at the
same temperature, those with larger average PD magnitudes
usually exhibit higher pulse repetition rates and shorter lifetimes.
The above statistics of the experimental results describe the
differences in the evolution of the PD during the aging of the
power module packaging insulation at different temperatures.
The impact of PDs and temperature on the lifetime will be
discussed specifically in Section V.

IV. AGING EXPERIMENTAL RESULTS WITH DIFFERENT RISE
TIMES AND VOLTAGE FREQUENCIES

For the experiments in this section, the temperature is 180 °C,

and the magnitude and duty cycle of the square wave are set as
8 kV and 50%.

A. Lifetimes and PD Behaviors With Different Rise Times

The voltage frequency of the square wave in this section is
fixed as 5 kHz, and the rise times are 150, 400, and 800 ns,
respectively. The variation of the average lifetimes with rise
time, the average PD magnitude, and the average pulse repetition
rate of all the specimens aged in this subsection during aging are
shown in Fig. 11. It can be observed that at the same temperature,
a longer rise time of applied square wave leads to a lower
average magnitude and pulse repetition rate of PDs, in other
words, weaker PD activity, tending to a longer lifetime. The
correlation between PD magnitude, pulse repetition rate, and
lifetime is similar to that described in Section III. Specifically,
under the same experimental conditions, specimens with longer
lifetimes generally exhibit relatively lower PD magnitudes and
pulse repetition rates.

B. Lifetimes and PD Behaviors With Different Voltage
Frequencies

The rise time of the square wave in this subsection is fixed
as 150 ns, and the voltage frequencies are 1, 2, and 5 kHz,
respectively. The variation of the average lifetimes of packaging
insulation with voltage frequency, the average PD magnitude,
and the average pulse repetition rate with different voltage
frequencies are shown in Fig. 12, respectively.

As the voltage frequency decreases, the lifetime increases
significantly. By comparing the lifetimes from Figs. 11 and 12,
it is evident that, at the same temperature, the impact of the
applied square wave voltage frequency on the lifetime of power
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module packaging insulation is much more significant than the
rise time. This is due to that with a higher frequency applied
voltage, PD occurs more frequently, leading to faster degradation
of the packaging insulation. However, it should be noted that
the effect of voltage frequency on lifetime is not an inversely
proportional relationship. For instance, under the 1 kHz square
wave, the average lifetime of the specimens is not twice that
of the specimen under 2 kHz, but slightly lower. This phe-
nomenon is attributed to the effects of voltage frequency on PD
behavior. Fig. 12 exhibits that with lower frequencies, both the
average magnitude and pulse repetition rate of PDs during one
cycle show a slight increase. Take 1 kHz for an example, the
average number of PDs per cycle exceeds 2. This also explains
why the effect of the square wave voltage frequency on the
packaging insulation lifetime at high temperatures with applied
voltage magnitude exceeding PDIV is not inversely propor-
tional, which is due to the more frequent PD activity during
each square wave cycle at a lower frequency.

More details and mechanisms of the effects of square wave
rise time and voltage frequency on the PD behavior and lifetime
will be specifically analyzed in Section V.

V. EFFECTS OF THE TEMPERATURE AND VOLTAGE
PARAMETERS ON PD BEHAVIOR

The aging mechanisms of PD for power module packaging
insulation include breaking the molecular chains, forming free
radicals [17], promoting degradation [18], [19], [20], [21], and
creating air voids [12], resulting in the change of the dielec-
tric properties of the material and reduction of the insulation
strength. The temperature, rise time, and frequency of the square
wave affect the behavior of PD [2], which in turn affects the aging
mechanism mentioned above. Therefore, this section focuses on
the effect mechanisms of temperature, rise time, and frequency
of the square wave on PD behavior.

A. Effects of Temperature on PD Behavior

Based on the experimental results in Section III, the increase in
temperature usually leads to more intense PD activity, including
the increase both in PD average magnitude and occurrence
frequency, which in turn reduces the lifetime of the packaging
insulation. The effects of temperature can be analyzed in the
following aspects.
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1) Decrease in the PDIV: From a macroscopic perspective,
the decrease in PDIV can be a contributing factor to the more
intense PD activity within the power module packaging insu-
lation under high temperatures. The magnitude of the square
wave is set as 8 kV, exceeding 34%, 43%, 49%, and 54% of the
corresponding PDIV at 120, 150, 180, and 210 °C, respectively,
according to Fig. 7, which means that higher overvoltage exists
when PDs occur at a higher temperature. Higher overvoltage
usually leads to higher transient localized electric field and
electron generation rate [30], resulting in more severe activity
of PDs. The mechanism of PDIV decreasing due to temperature
increase is related to the charge transport process and variation
of material properties and those will be discussed below.

2) PD Charge Transport Processes: Microscopically, the
effects of temperature on the PD behaviors in power module
packaging insulation can be analyzed in terms of charge trans-
port processes. Considering the specimen structure and material
properties described in Section II-A, PD always occurs in the
encapsulant, which is normally polymeric material. The occur-
rence of PD can break the polymer chain and generate gases to
form void defects. Differences in permittivity and conductivity
between the gas in the void and the silicone elastomer can
enhance the electric field in the void, promoting further develop-
ment of PD events, and leading to hot-electron avalanches. The
discharge type is usually regarded as streamer discharges, which
generate sufficient magnitude of discharge pulse charges to be
detected and can result in polymer aging [30]. Based on that, the
PD behavior in the power module packaging insulation can be
analyzed using the stochastic model [31]. When the initial gas
void is formed due to PD and the localized electric field reaches
or exceeds the streamer inception criterion, the PD initial elec-
tron may be provided by gas volume ionization, field emission
from the void surface, photoionization in the bulk insulation
material, and subsequent escape of the photoelectrons into the
void [31], [32], where the surface emission is usually considered
as the main source when studying PD behavior within a spherical
cavity in a solid dielectric material [33], [34]. Therefore, the
following analysis is based on surface emission. After the PD
activity starts, the rate of electron emission from the void surface
Nq, indicating the number of free electrons available to start a
PD in the cavity per unit time, can be expressed as [31]

b — \JeE/(4me
Nat o< Nago €xp —% (D

where Ng4, is the number of electrons available for being de-
trapped, e is the elementary charge, E is the localized electric
field inside the void, ¢ is the permittivity of the gas void, ®
is an effective de-trapping work function related to material,
microroughness, and chemical state, and k is the Boltzmann
constant. N4, can be considered as consisting of two parts, the
electrons generated by the last PD and the electrons detrapping
at any loose polymer chain ends at the cavity-dielectric surface
boundary [33]. For the former, PD activity is more intense at
higher temperatures, providing more initial electrons for the
next PD. For the latter, the number of detrapped electrons can
be considered being increased by the electric field [34] and
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Fig. 13.  Testing results of the conductivity and permittivity at different electric
fields and temperatures. (a) Conductivity. (b) Permittivity.

the effects of increased temperature on the material properties
can lead to an elevated local electric field [35]. Thus, both are
increased by higher temperatures. The last exponential term of
(2) indicates that the initial free electron due to surface emission
depends on the void field, temperature, and the surface work
function and it can be promoted by higher temperatures [34].
Therefore, the electron emission rate from the void surface
increases at higher temperatures, leading to more intense PD
activity including greater PD magnitude and pulse repetition
rate. Additionally, higher temperature also causes the electrons
to be accelerated more effectively [36], which also results in
more severe PD activity (higher magnitude and pulse repetition
rate) and reduced insulation lifetime.

3) Variation of Properties of the Insulation Material: In ad-
dition to the charge transport process, temperature also affects
the conductivity properties of the insulation materials used
for packaging insulation, which in turn changes the internal
electric field distribution according to Maxwell-Wagner theory
and influences the PD activity. Due to the composite insulation
structure of power module packaging (including two dielectric
materials: silicone elastomer and ceramics), the mismatch in per-
mittivity and conductivity between the two dielectrics can lead to
charge relaxation when the applied voltage varies. During this
process, charge accumulation occurs at the interface between
the two dielectric materials and affects the local electric field,
particularly under dc voltage. Our previous research has proved
that the conductivities and permittivity of silicone elastomer and
ceramics are affected by temperature and localized electric field
[35]. To better investigate the effects of the above processes
and temperature variations on the local electric field within
the power module packaging insulation, finite element electric
field simulation considering the variations of conductivity and
permittivity with temperature is applied for further analysis.

Based on the previous testing results of the conductivity
and permittivity at different electric fields and temperatures, as
shown in Fig. 13, and the calculation methods shown in [35],
the conductivity and the permittivity of the silicone elastomer
(771, €1) and ceramics (2, £2) can be expressed as

Y1 ="T7.46 x 1077 exp (—225°¢) sinh (1.87x 10 8 E) E0-284
Y2 =9.01 x 10~ exp (—%2¢)
2
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Fig. 14. Two-dimensional cross-section for power module internal electric

field simulation and its typical electric field distribution. (a) Two-dimensional
cross-section for power module internal electric field simulation. (b) Typical
electric field distribution.

= —0.00705T + 5.05
{51 3)

g2 = 0.00879T + 7.13

where the T, E, k, and e are the same as the parameters referred
to in (1). vo, €1, and &5 are considered temperature dependent
only, while v; is affected by both electric field and tempera-
ture. The simulation is based on the two-dimensional profile
structure of the power module, as shown in Fig. 14(a), and its
geometric parameters are consistent with the specimen. Points
A and B are the triple junction and the midpoint of the two
electrodes along the edge of the ceramics, respectively, which
are selected as typical locations for the analysis of the electric
field. The HV square wave applied to the left copper electrode
is set as a magnitude of 8 kV, a frequency of 5 kHz, and a
rise time of 150 ns, consistent with the experimental setup in
Section III. Although the applied unipolar voltage causes the
charge relaxation process and the electric field change (usually
shorter than 0.1 s), the duration of the continuous square wave
applied during the aging test is long enough for charges to reach
the steady state. Therefore, only the results of the steady-state
electric field of the simulation are analyzed. The typical electric
field distribution of power module packaging insulation is shown
in Fig. 14(b), where the triple junction is always the highest
electric field position. In the first 50% of a square wave cycle,
the electric field is usually generated by the applied voltage,
while in the latter 50%, the applied voltage disappears, and the
electric field is generated by the interfacial charges (not consider
PDs) and its direction reverses. That process described above is
shown in Fig. 15(a), taking the electric field in the x-direction at
point A as an example. The simulation results of the maximum
electric field during one cycle variation at points A and B with
temperature are shown in Fig. 15(b) and (¢). From 120to 210 °C,
the multiples of change in conductivity and permittivity for
silicone elastomer and ceramic are 25.3 (71, the same electric
field), 3.9 (1), 0.72 (vy2), and 1.07 (e2), respectively. That causes
an increase in the simulated electric field shown in Fig. 13(b)
and (c) by about 5.0% and 5.3%, respectively. That indicates the
change in conductivity and permittivity of silicone elastomer and
ceramics caused by increasing temperature can lead to a higher
localized electric field within the packaging insulation. It should
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be noted that the gas void defect formed by the PD activity is not
considered in the above simulation because the composition and
pressure of the gas inside the void are still unknown to calculate
or test its conductivity and permittivity, making it impossible for
simulation yet. Since, the gas void is usually the location of the
high electric field, the change of conductivity and permittivity
of the material caused by the temperature increase may lead to
more severe local electric field variation than the case shown in
Fig. 13, which needs to be further verified in future work.

In summary, the decrease in PDIV, the increase in PD electron
generation rate, the more effective acceleration of electrons, and
the elevation of the localized electric field due to changes in the
conductivity properties of the insulation material are the main
factors leading to more intense PD activity and lower lifetime of
the power module packaging insulation at higher temperatures.

B. Effects of the Rise Time and Voltage Frequency on PD
Behavior

1) Effect of the Rise Time: The experimental results in
Section IV-A show that longer rise times reduce PD activity
and extend the lifetime of packaging insulation. The difference
in PD behaviors due to the rise time can be analyzed by the
PD occurrence delay. It is widely recognized that even when
the localized electric field reaches or exceeds the critical level
(which can occur at a defect or a region of concentrated electric
field), free electrons are also essential to trigger the PD occur-
rence. Consequently, there is typically a time delay between the
actual occurrence of PD and the moment when the localized
electric field reaches the threshold level for PD inception [31].
During that, if the magnitude of the applied voltage is higher
than the PDIV as set in this article, the PD magnitude is related
to the transient overvoltage. According to the estimated results
in Fig. 13, the applied voltage Vi, of the specimen at 180 °C
is about 4.7 kV. Vpp refers to the value of the applied voltage
when the PD occurs and AV is the difference between Vpp and
Vine, also refers to the overvoltage. The PD delay time At is
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charges generated by the first PD.

correlated with the magnitude of the applied voltage and other
experimental conditions [31] and it would be too complicated
to precisely analyze the relationship between Ar and the above
factors. Therefore, for the qualitative analysis, it can be assumed
that Ar; and A, are quite similar at the same temperature, and
then the overvoltage depends on the slew rate (dV/dr). Fig. 16
illustrates that shorter rise time leads to higher overvoltage and
higher transient electric field for PDs. Thus, with a shorter rise
time, the PD magnitude is usually higher, resulting in the faster
aging of packaging insulation.

2) Effects of the Voltage Frequency: The lower voltage fre-
quency of the square wave leads to more intense PD activity
according to the experimental results shown in Section IV-B.
This phenomenon can be analyzed in terms of the process of PD
occurrence. During one square wave cycle, when the localized
electric field reaches the PD inception level and free electrons
appear, the first PD occurs (usually near the rising edge). The
space charges generated by the first PD reduce the localized
electric field within the gas cavity, as shown in Fig. 17, where E,
E, and Eg,, are the applied voltage electric field, space-charge
electric field, and sum electric field, respectively.

Two scenarios can be considered: 1) the localized electric
field decreases below the PD inception field, then no PD occurs
during the square-pulse flat region, and 2) the localized field
decreases, but still exceeds the PD inception field. For scenario
1), after the falling edge, the PD occurs due to the recombination
of space charges, which has been described in Section III-A. For
scenario 2), the reduction of the localized electric field can lead
to alonger PD delay time [31]. With a higher voltage frequency,
the pulse width is shorter, and it is more likely that the applied
voltage drops to zero before the initiation electron of the second
PD appears. As shown in Fig. 18(a), at a wider pulse voltage,
the second PD occurs, while under a narrower pulse voltage,
as shown in Fig. 18(b), the applied voltage already drops to
zero before the second PD occurs. Therefore, under 5 kHz, the
occurrence of the second PD event in the flat region of the square
wave is rare, while it is more common at 1 kHz.
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The abovementioned analysis not only explains the higher
PD pulse repetition rate during a square wave cycle at lower fre-
quencies but also the effects of frequency on the PD magnitude
during aging. Due to the increase in the number of PD within the
square wave cycle, more space charges are generated and lead to
a stronger reverse electric field, resulting in higher magnitudes
of reverse discharges during the falling edge. To validate that, the
magnitudes of PDs that occur at different positions during one
square wave cycle are counted, as shown in Fig. 19. It illustrates
that, as the voltage frequency increases, the average magnitudes
of PDs occurring at the rising edge and flat part (forward dis-
charge) and PDs at the falling edge (reverse discharge) both tend
to slightly decrease, where the decrease in the magnitude of PDs
at the falling edge is more significant. At a lower frequency,
the increase in the PD magnitude at the falling edge not only
accelerates the degradation of the packaging insulation but also
provides initial electrons for the next PD event, intensifying the
PD activity at the rising edge in the next square wave cycle.
Therefore, the average magnitude of PDs at the rising edge and
flat part also increases slightly with decreasing frequency.

The statistics illustrated in Fig. 19 provide support for the
above analysis of the more severe PD activity in a square wave
cycle at a lower frequency, further explaining that under the
same conditions, the lifetime of packaging insulation is not
inversely proportional to the voltage frequency, but rather lower.
In addition, the lifetime and PD behaviors of power module
packaging insulation at low and ultrahigh voltage frequencies
deserve further investigation.
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VI. LIFETIME MODEL BASED ON PD DAMAGE
ACCUMULATION

Based on the experimental results and the abovementiond
analysis, to better evaluate the state and failure of the power
module packaging insulation under high dV/dt square wave and
high-temperature coupling stress, a lifetime model considering
the effects of PD aging and temperature is proposed. The existing
insulation life models under electrical stress typically consider
phenomena including space charge, PD, and electrical trees [30].
The lifetime models based on space charge usually consider
that when the electric field exceeds a threshold, space charges
penetrate the insulation bulk, high-field injection, and electron
acceleration occur, gaining high energy that can break the chem-
ical bonds of the polymer. The life model based on PD considers
the damage to the chemical structure of the polymer caused by
the avalanche of electrons. The idea of establishing the lifetime
model in this article is to consider the PD aging factor related to
discharge energy accumulation.

Under the experimental setup in this article, the end of the
packaging insulation lifetime is always due to the failure of
the insulation polymeric material (silicone elastomer), which is
attributed to a series of irreversible chemical reactions occurring
within the insulation polymeric material under multiapplied
stresses degrading its electrical properties. The insulation system
exhibits a stable chemical state under no applied stress. Ther-
mal stress disrupts this state, prompting chemical reactions to
proceed toward the decomposition of insulation polymeric ma-
terials, and the higher temperature would increase the chemical
reaction rate. Based on the chemical reaction rate theory, the
Bulk model proposed by Eyring exhibits the relation between
the lifetime of insulation polymer and temperature [30], as

expressed in
h AG
L=Cg <k‘T) exp (kT) “)

where L is the lifetime, & is the Planck constants, Cg is the
model parameters depending on the material, AG is the Gibbs
(free) energy change of the degradation process, and k and T
refer to the same physical quantity as in (1). The variation of
the average lifetime with temperature shown in Fig. 10 is also
generally consistent with the relationship shown in (4).

The role of electrical stress on the polymer decomposition
reaction is more complex. It has been shown that before the
onset of PD, the applied electric field causes the free energy of the
reactants to increase, resulting in a decrease in the energy barrier
of the positive reaction, and accelerating the aging reaction to
proceed [30]. Additionally, space charges also contribute to the
aging reaction. However, once continuous PDs are initiated, the
energy generated by the PD process leads to the breakage of
chemical bonds and the generation of free radicals and free
volumes, accelerating the aging process significantly [30]. The
relationship between PD activity and packaging insulation life-
time can be established considering the damage accumulation
due to PDs during aging.

The damage to insulation by PD depends mainly on the energy
generated by the PD process, and when the applied voltage is
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constant, the energy generated by PDs is proportional to the
apparent charge quantity, as expressed in

Ea=UY g 5)

where E,, refers to the sum of PD energy, U is the magnitude
of the applied voltage, and ¢; is the apparent charge quantity of
a certain PD. Considering the correlation between the apparent
charge quantity and the down-mixed signal shown in Fig. 6,
the apparent charge quantity can be approximated as 1/1.26
of the down-mixed signal magnitude. The total accumulated
damage due to PD during the aging process can be approximately
equivalent to the sum of the apparent charge quantity, which can
be estimated based on the statistics of average magnitude and
pulse repetition rate, as expressed in

{Q ~ fLGara

Ga & M, /1.26 ©)

where the Q is the sum of the apparent charge quantity, g,, 1.,
and r, are, respectively, the average apparent charge quantity,
average magnitude, and pulse repetition rate of the PDs in each
minute, L refers to the lifetime, and fis the voltage frequency of
the applied square wave. Due to the design of the DBC substrate
shown in Fig. 1(b), the location near the electrode corner is the
location of the highest electric field, in which PD primarily oc-
curred and the breakdown initiated. The above calculation of Q
responds to the total apparent charge quantity and accumulation
of PD damage in a small area near the electrode corner. The
number of PD locations in this small area is subject to further
determination in our future work. The statistics of Q vary with
temperature shown in Fig. 20. It should be noted that the statistics
of O at 180 °C include the results at different rise times and
voltage frequencies.

From Fig. 20, O, the sum of the apparent charge quantity
generated by PDs during the aging process of packaging in-
sulation, decreases with temperature. This phenomenon may
be attributed to (1) the diminished insulation performance of
silicone elastomer at high temperatures, resulting in a reduced
PD energy and damage accumulation requirement for aging;
and (2) the promotion of material degradation reaction by high
temperatures, thereby lowering the additional energy require-
ment. Whereas, it also indicates that at the same temperature, the
value of Q varies little with the rise time and voltage frequency
of the square wave. Therefore, based on this statistical result,
it can be approximated that the total accumulation damage of
PD during the aging of power module packaging insulation is
primarily correlated with temperature. Consequently, at the same
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temperature, the lifetime of packaging insulation can be consid-
ered proportional to (1/fg,r,). The experimental results of all
specimens (including those under differentrise times and voltage
frequencies at 180 °C) are used to verify the above inference,
as shown in Fig. 21, and it illustrates that the proportionality
factor for lifetime and (1/fg,r,) varies with temperature and the
average magnitude and average pulse repetition rate of PD can
be used to estimate the lifetime of power module packaging
insulation.

Based on the Bulk model described in (4) and the abovemen-
tioned analysis on the accumulation damage of PD during aging,
the lifetime estimation model considering temperature and PD
aging factors is established in

__« B
L= TFaur exp (T) (7)

where « and (3 are positive coefficients related to the material
property and experimental conditions. The g, and r, are affected
by the temperature, square wave rise time, and voltage frequency.
When the units of L, 7, f, q., and r, are, respectively, min, K,
kHz, pC, and times/cycle, under the experimental setup in this
article, the values of o and 3 are 195 (K-nC-Hz) and 1840 K
according to the mathematical fit, respectively, which might be
recalculated if the factors including the electric field distribution
of the specimen, material properties, and the surrounding test
environment are changed.

Compared with common lifetime models in [30], the model
described in (7) is proposed based on the analysis of experi-
mental results, considering the PD damage accumulation and
temperature impact during the aging process. The physical and
chemical mechanisms of PD-induced aging in power module
packaging insulation are worth further investigation in future
research.

VII. CONCLUSION

The aging and lifetime of power module packaging insulation
due to PD under high dV/df square wave and high-temperature
coupling stresses are investigated in this article. The down-
mixing PD detection system is applied to extract the PD signals.
The aging experiments under different temperatures, rise times,
and voltage frequencies of the square wave are carried out. Based
on the mechanisms of PD and variations in material properties,
the effects of temperature, rise time, and voltage frequency
on the PD behavior and lifetime of power module packaging
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insulation are explored. The following conclusions can be drawn
as follows.

1) Under unipolar high dV/d¢ square wave, the magnitude of
PD in the packaging insulation shows a fluctuating growth
trend during aging. The average magnitude and pulse
repetition rate of PD reach the maximum value before
breakdown failure.

2) As the temperature rises, the lifetime of the power mod-
ule packaging insulation decreases, accompanied by an
increase in the magnitude and pulse repetition rate of
PD. The longer rise time and lower voltage frequency of
the square wave tend to lead to a longer lifetime. The
main influence of the longer rise time is to reduce the PD
magnitude, which in turn slows down the aging process.
The effect of repetition of frequency on lifetime is not
inversely proportional but is usually slightly lower, which
may be attributed to more intense PD activity at lower
frequencies.

3) The total damage accumulation of PD during the aging of
power module packaging insulation is primarily correlated
with temperature. Based on that, the lifetime estimation
model considering temperature and PD damage accumu-
lation is proposed, which provides the reference for the
condition evaluation of the power module.
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