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Abstract—Nanosilver paste has become a promising lead-free
die-attach material for power electronic packaging. This develop-
ment solves the challenges faced by power device manufacturers
to replace the lead-based or lead-free solders for high-temperature
applications. This paper proposes the reliability of a 1200-V/150-A
multichip insulated-gate bipolar transistor (IGBT) module using
pressureless sintering of nanosilver paste as die attachment. The
degradation in harsh environment was compared between the pro-
posed IGBT module using pressureless sintered nanosilver and
the commercial one using Sn5Pb92.5Ag2.5 solder by power cy-
cling with two different test conditions. The device junction-to-case
thermal resistance, I–V characteristics, and switching performance
were measured at various numbers of cycles. The results show that
the pressureless sintered nanosilver, which was used as the die at-
tachment of the multichip phase-leg IGBT modules, has superior
reliability rather than the commercial one.

Index Terms—Electrical properties, insulated-gate bipolar
transistor module, power cycling, pressureless sintering, silver
nanoparticles, thermal resistance.

I. INTRODUCTION

NOWADAYS, insulated-gate bipolar transistors (IGBTs)
have been widely used in numerous applications, includ-

ing the traditional industrial systems, e.g., converter devices,
power and traction drive systems, and the new application sys-
tems, e.g., renewable energy development and electric vehicles
[1]–[3]. However, the IGBT module also faces with some chal-
lenges with the pressure to decrease the size of power electronics
systems so that some IGBT module footprint area is reduced by
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50%. This has resulted in higher power dissipation densities for
the IGBTs due to denser packing of the whole structure. In addi-
tion, the high switching frequencies and high voltage of IGBTs
also result in higher power dissipation at the die level.

In the last decades, many efforts had been made to increase
the power density and heat dissipating capacity of the IGBT
modules. Li et al. [4] propose a novel packaging design based
on the concept of N-cell and P-cell to directly reduce the stray
inductance inside of an IGBT power module. Compared with
commercial modules, this novel method was expected to reduce
the inductance by 50%. Mirzaee et al. [5] designed IGBT mod-
ules with SiC diodes instead of traditional Si diodes. It shows
that the IGBT module with SiC diode shows less switching
loss than the one with Si diode, particularly at higher switching
speed and lower gate resistance due to prevention of reverse-
recovery-induced loss mechanisms. Hensler et al. [6] tried to
use the low-temperature joining technique (LTJT) to join the
power chips instead of traditional solder reflowing. The power
modules using the LTJT shows excellent reliability compared
to standard ones. However, all of these reported power modules
by LTJT were in use of auxiliary pressure, which may crack the
power chips and still complicate the manufacturing process. Re-
cently, we added some specific organics in the nanosilver paste
to increase the chemical driving force instead of mechanical one,
which could get rid of the auxiliary pressure for low-temperature
sintering of nanosilver paste [7]. Then, we bonded large-area Si-
based IGBT chips with direct-bonded-copper (DBC) substrate
by pressureless sintering of nanosilver paste. The electrical and
switching characteristics of the IGBT module with pressureless
sintered nanosilver show comparable performance with those of
high-temperature solder, i.e., Sn5Pb92.5Ag2.5.

Besides the performance, the reliability of the IGBT module
is also an important item that both manufacturers and users ex-
tremely care. The reliability of IGBT module mainly depends
on the thermal stress caused by the material mechanical defor-
mation, which is a heat and mechanical process [8]. During the
operation, the total power, losses including switching loss, con-
duction loss, and leakage current loss, could cause the junction
temperature rise greatly. The device constantly endures tem-
perature swings during the operation. IGBT module is usually
with a multilayer architecture that is assembled by different
materials, e.g., silicon, solders, copper, and ceramic. During
the temperature cycling, these materials are subjected to com-
pression or tensile stresses because of the mismatch of their
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thermal expansion coefficients (CTE) [9]. As a result, the
stresses could destroy any joint in the power module poten-
tially, e.g., die attachment and wirebond, resulting in the mod-
ule failure. Ji et al. [10] have studied the multiobjective design
optimization of IGBT power modules to improve reliability and
prolong lifetime. The multiobjective optimization strategy was
designed considering different failure mechanisms, e.g., mate-
rial degradation, fatigues by temperature cycling, power cycling,
and vibration. Özkol et al. [11] had studied the HiPak modules
using heavy ribbon bonding instead of the standard wire bond-
ing as emitter interconnection. It was found that the lifetime
of power cycling of the HiPak modules with the heavy ribbon
bonding was improved up to four times compared to the standard
modules using wire bonding. Kim et al. [12] had replaced tradi-
tional Al2O3-DBC substrate with AlN-DBC substrate because
of its higher thermal conductivity to reduce the rise of junction
temperature by power loss, leading the lower thermomechanical
stress and better reliability consequently.

In addition, conventional solder reflowing had been widely
used in electronic packaging [13]; however, they are susceptible
to thermal fatigue and creep during long-term service, particu-
larly at high temperatures [14], [15]. People then have also paid
attention to study the reliability of power modules using different
bonding techniques, e.g., transient liquid-phase (TLP) bonding
and LTJT, for high-temperature applications. Yoon et al. [16]
showed that the joint by the TLP had passed 1000 thermal cycles
(−40 to 200 °C) without any significant delamination. Although
TLP seems to be promising as a robust die-attach material, cost
and reliability issues [17], [18] are the main deficiencies for
wide usage.

The other approach is to use LTJT to attach power devices for
high-temperature applications. Many people have studied the
reliability of the mechanical properties of sintered silver joints,
e.g., ratcheting fatigue failure [19], [20], visco-plastic deforma-
tion [21], and isothermal low cycle fatigue behavior [22]. For
example, Chen et al. [23] claimed that sintered nanosilver joint
has demonstrated a longer fatigue life and better response to
shearing and cyclic loading than SAC305 joint, especially at
high temperatures.

Recently, several research groups, e.g., Fraunhofer Institu-
tion, had reported the reliability of die attachment using sintered
nanosilver by both power cycling tests [24]–[26] and thermal
cycling tests [27], [28]. For example, Knoerr et al. [29] had
compared the reliability of sintered nanosilver with two con-
ventional solder alloys, i.e., Sn96.5Ag3Cu0.5 (SAC305) and
Pb95Sn5. The lifetime of the sintered nanosilver could be up to
646 cycles by the thermal cycling test (−55 to 175 °C), while
the lifetime of Pb95Sn5 solder and Sn96.5Ag3Cu0.5 solder was
only 87 cycles and 51 cycles, respectively. It was concluded
that nanosilver paste could be used as a promising lead-free
die-attach material instead of high-lead or lead-free solder for
power electronic packaging.

Furthermore, many other people had also evaluated the per-
formance of the Si IGBT modules using nanosilver paste in the
harsh environment, e.g., thermal impedance [30], electronics
characteristics [31], [32]. For example, Cao et al. [33] showed
that the thermal impedance of SAC305 samples and SN100C
samples after 500 thermal cycles (−45 to 125 °C) was increased

by 12.9% and 13.3%, respectively. The increment was much
higher than that of the sample using the pressure-assisted sin-
tered nanosilver, i.e., 3.1%. However, the previous studies were
based on the sintering of nanosilver paste with assisted hydro-
static pressure, i.e., 5–10 MPa, which may damage the power
chips during the packaging or complicate the processing. Pres-
sureless sintering of nanosilver paste attracted more and more
attention consequently. Although Zheng et al. [34] had reported
that the die-shear strength of the pressureless sintered nanosil-
ver on a copper substrate had not varied significantly and could
still reach more than 30 MPa even after 1000 thermal cycles
(−40 to 125 °C), the reliability of IGBT modules using the
pressureless sintered nanosilver had been seldom reported be-
fore. We may concern the degradation of the IGBT modules
using the pressureless sintered nanosilver because of lacking
data and discussion on reliability tests, e.g., power cycling tests
with various conditions.

In this paper, 1200-V/150-A half-bridge IGBT modules were
demonstrated by pressureless sintering of the nanosilver paste
to bond large-area IGBTs (12.56 mm × 12.56 mm) and diodes
(6.3 mm × 6.3 mm). The objective is to compare the reliability
of the multichip phase-leg IGBT modules using the pressureless
sintered nanosilver with the ones using the high-lead solder, i.e.,
Sn5Pb92.5Ag2.5, by various power cycling tests, i.e., second-
level and minute-level power cycling tests. The test conditions
in details of the second-level and the minute-level power cycling
tests are present in the text below. This paper was organized as
follows: Section II described die attachment and package struc-
ture of the 1200-V/150-A IGBT modules; Section III evaluated
the reliability of the IGBT modules using the pressureless sin-
tered nanosilver and compared the reliability of the commercial
ones using soldered Sn5Pb92.5Ag2.5.

II. DIE ATTACHMENT AND PACKAGE STRUCTURE

A. Die Attachment

Fig. 1 shows the comparison of the die-attach fabrication pro-
cess using nanosilver paste and the commercial high-lead solder,
i.e., Sn5Pb92.5Ag2.5 solder, respectively. The nanosilver paste
was printed with a cross pattern on the DBC substrate. The cross
pattern was designed to avoid trapping air bubbles inside the as-
printed paste and also prevent the nanosilver paste overflow
along the peripheral of die. Then, all the chips were mounted on
the as-printed paste. In order to wet the interface well, the chips
were pressed until the nanosilver paste was just squeezed out
of the edges of the chips. The die attachment was first heated
from the room temperature to 200 °C with a smooth ramping
rate of 5 ◦C/min and maintained at 200 °C for 40 s. Then, the
chips could be well bonded with a DBC substrate after sintering
at 260 °C for 15 min. The die attachment of commercial IGBT
modules used a high-lead solder, i.e., Sn5Pb92.5Ag2.5. The
melting temperature of the solder is 280 °C, and the maximum
processing temperature is 296 °C. The power chips can also be
well bonded with a DBC substrate by vacuum reflowing [35].

Fig. 2 shows the comparison of void distribution in the
die attachment of both pressureless sintered nanosilver and
soldered Sn5Pb92.5Ag2.5. The void ratio in the soldered
Sn5Pb92.5Ag2.5 layer, i.e., 2%–3%, was comparable as that
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Fig. 1. Die-attaching process using (a) nanosilver paste and (b) Sn5Pb92.5Ag2.5 solder.

Fig. 2. Void distribution in (a) pressureless sintered nanosilver and (b) sol-
dered Sn5Pb92.5Ag2.5.

in the pressureless sintered nanosilver, i.e., less than 2%. It is
important to eliminate the voids in die attachment because the
voids impact the service lifetime of power modules greatly. The
voids could be accumulated and grown larger and larger by ther-
momechanical stress, which could increase thermal resistance
resulting in greater temperature fluctuations within the power
module [36]. This excess heat accumulation may accelerate fur-
ther degradation of the power devices.

B. Package Structure

A typical image of an as-fabricated multichip phase-leg
1200-V/150-A IGBT module using the pressureless sintered
nanosilver was shown in Fig. 3 schematically. The module
includes two identical patterned DBC substrates joined with a
copper base plate. The DBC substrates were used to provide
a current loop from the bus bar to the chip and then back,
dissipate the generated heat by the power loss of the power
devices, and isolate the electrical terminals from each other
[37]. The copper sheets of the DBC substrates were metallized
with a 0.5-μm-thick silver film. One IGBT chip (12.56 mm
× 12.56 mm) and two diode chips (6.3 mm × 6.3 mm) were
attached on each DBC substrate by pressureless sintering
of nanosilver paste as one semibridge element. Each power
module consists of the two elements. The terminals and the
bridges were connected with the DBC substrates by reflowing
SAC305 solder. The bridge was used to connect the two
parallel DBC substrates. Sylgard 527 [38] was used as an

Fig. 3. (a) Cross-sectional sketch and (b) typical image of a multichip phase-
leg IGBT module using the pressureless sintered nanosilver.

encapsulant (see the blue part in Fig. 3(a)) due to its relatively
good thermal properties and high-temperature stability. Finally,
the encapsulant was cured at 150 °C for 30 min.

III. RELIABILITY TESTS

In order to evaluate the reliability of this multichip phase-
leg IGBT modules using the pressureless sintered nanosil-
ver, both second-level and minute-level power cycling tests
were used here. In addition, the high-temperature solder, i.e.,
Sn5Pb92.5Ag2.5, was used as a contrast die-attach material to
assess the feasibility of the die attachment by pressureless sin-
tering of nanosilver paste.

A. Active Power Cycling

Fig. 4(a) shows the schematic circuit diagram of the test
bench for power cycling tests. For each power cycling test,
i.e., second-level or minute-level power cycling test, five IGBT
modules using sintering of nanosilver paste were connected in
series, while five IGBT modules using the Sn5Pb92.5Ag2.5
solder were connected in the other series. A total of 20 IGBT
modules were tested in this study. The DUT_A and DUT_B
were used as the standard IGBT modules to control the switch
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Fig. 4. (a) Schematic circuit diagram of the test bench for power cycling tests
and (b) circuit design for aging each single IGBT module.

on and off during the power cycling tests. Each IGBT module
was considered as a single element, which was aged by the
power cycling test according to the circuit as shown in Fig. 4(b).
The VGE was set to +15 and −5 V during the power on and
off, respectively. For the second-level power cycling test, the
fixed current is about 150 A and the power is 270–300 W. The
fixed on and off time are both 5 s. For the minute-level power
cycling test, the fixed current is about 60 A and the power is
100–120 W. The fixed on and off time are 2 and 4 min,
respectively. Failure criteria was defined as 20% increase in
collector–emitter saturation voltage (VCE(sat)) in the power
cycling test [39].

The junction temperature (Tj ) was measured by means of a
temperature sensitive electrical parameter [40]–[42]. The value
of Tj could be calculated by

Tj = Tc +
VCE j − VCE c

K
(1)

where Tc is the case temperature, which was directly measured
by thermocouple. VCE j and VCE c are the collector–emitter
voltage at junction temperature and case temperature, respec-
tively. K is the factor connecting the temperature sensitive

Fig. 5. Profile of second-level power cycling test.

parameter to the p-n junction temperature [43]. Since the
collector–emitter voltage varies linearly with the temperature
of the IGBT device, the K-factor could be calculated from the
absolute slope of the line and the value is 9.5 mV/◦C in this
case. Although there is a certain difference in the K factor of
different IGBT chips, we have screened the IGBT chips by mea-
suring VCE of all the IGBTs to guarantee that the K value of
each chip is almost the same as 9.5 mV/◦C before the mod-
ule fabrication. Therefore, we assumed the K factor of all the
IGBT herein as 9.5 mV/°C in order to simplify the K factor
measurement.

B. Second-Level Power Cycling Test

The objective of this test is to demonstrate the effect of die-
attach materials on the reliability of wire bonding. Fig. 5 shows
the profile of the power cycling test. The period of each power
cycles is only 10 s, i.e., 5 s for power on and 5 s for power
off. The junction temperature swings between 25 and 125 °C,
whereas case temperature varies between 25 and 55 °C.

Generally, both Au and Al can be used as wirebond materials
of power modules. Considering the cost, we selected Al wires
as the wirebond material in this study. Al wires with 15 mil
diameter were used for the 1200-V/150-A IGBT modules. It is
also worth noting that the bonding between Al wires and Al
metallization on the backside of the IGBT chips is not suscep-
tible to the Kirkendall voids so that the Al wire is more reliable
than the Au one for bonding Al metallization [44]. Before the
wirebond, plasma cleaning was used to remove thin layers of
the oxides and the organic residues.

As we may know, the wirebond quality is mainly depen-
dent on ultrasonic power, bonding force, and bonding time. The
ultrasonic power was herein set as 1.0–1.6 W. If the power
for breaking through the initial oxides is too high, die crater-
ing may be present. However, bond “nonstick” type failures
may also occur by reducing the power [45]. The bonding force
was set in the range of 600–800 gf. A too high magnitude
could damage the bond pad metallization or the pad struc-
ture underneath cratering, while too low-force magnitude might
lift ball bond due to ineffective transducer power transmitted
through the smashed ball [46]. The bonding time was set in the
range of 100–150 ms. Excessive bonding time can increase tool
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Fig. 6. Comparison of the wirebond strength before and after second-level
power cycles.

maintenance due to contamination build up and wear, and dam-
age or burn appearing wirebonds in areas where the tool contacts
the bond [47].

Fig. 6 shows the comparison of wirebond strength be-
tween the module with nanosilver paste and the one with
Sn5Pb92.5Ag2.5 solder before and after several power cycles.
The two kinds of as-prepared power modules show the same
wirebond strength. However, the wirebond strength of the mod-
ule with Sn5Pb92.5Ag2.5 solder decreases sharply after power
cycles. The strength of the power module with nanosilver paste
solder is even 38% higher than the one with Sn5Pb92.5Ag2.5
after 60 000 cycles. The reason for this phenomenon may be
attributed to the difference of the die-attach material. The sin-
tered silver has a high thermal conductivity of 240 W/m·K [48],
while the soldered Sn5Pb92.5Ag2.5 is only about 44 W/mK. For
the sintered device, it allowed an improved heat transfer through
the die attachment out of the package. The solder, however, is
susceptible to delamination or voids in the long service, which
may cause local overheating and lead to the increase of the junc-
tion temperature [49]. High temperature developed in emitter
wires and in wirebond joints causes wire melting and lifting fail-
ures [50], resulting in the strength reduction of the wirebonds.
On the other hand, the degradation of the solder die attachment
results in a local high-temperature swing (ΔT), which is higher
than that of the sintered device [51]. The different ΔT had also
been confirmed by Krebs et al. [52] who had compared the
reliability of CucorAl wirebonds between soldered devices and
sintered devices. In their study, at the beginning of the power cy-
cling test, the current was adjusted to get a ΔT = 110 K. After
50 000 power cycles, the ΔT of the soldered device increased to
132 K, while the sintered device increased only to 116 K. High
ΔT is easier to cause the Al wirebond to bear greater compres-
sive or tensile stresses because of the mismatch of their CTE
[53]. During the power cycling tests, the Al wirebond constantly
endures the temperature swings during the operation between
silicon chips and aluminum wires. As a result, the stresses could
destroy the Al wirebonds of the IGBT module potentially in the
forms of cracking and creep, which lead to the strength reduction
of the wirebonds.

It can be indicated that the wire-lifting failure is easier to
be present in the power module with Sn5Pb92.5Ag2.5 solder.
The failure is attributed to the physical changes of the Al wire

Fig. 7. VCE(sat) of the two kinds of IGBT modules versus number of second-
level power cycles.

because of cyclic thermomechanical stress which could result
cracks near the heel and toe of the Al wire [54]. Once some
of Al wires fail, the remaining wires have to conduct more
current, resulting in a current redistribution in the chip and an
increase of the average junction temperature, which could also
accelerate the degradation of the failure in the remaining Al
wires. Therefore, the stable thermal properties of the die-attach
material, i.e., nanosilver paste, result in a longer lifetime of the
Al wire bond and, consequently, in a longer lifetime of the power
electronic devices.

Fig. 7 shows the typical IGBT VCE(sat) versus the number
of power cycles between the modules with nanosilver paste
and the one with Sn5Pb92.5Ag2.5 solder. The VCE(sat) was
tested in a static condition, which means that the power cycle
test is interrupted for the measurement. The beauty of this
method is that the current for static VCE(sat) measurement
is the rated current of the power module with very good
accuracy [55]. After 60 000 power cycles, the VCE(sat) of
the IGBT module with Sn5Pb92.5Ag2.5 solder increases to
2.01 V, which is 0.11 V higher than that with nanosilver
paste. This may be due to the crack propagation in the Al
wire bonds and subsequent bonds lift off [56]. The increased
VCE(sat) should cause additional power loss, leading to a tem-
perature rise of the entire IGBT module. The modules with
Sn5Pb92.5Ag2.5 solder were failed after 60 000 power cy-
cles, which is earlier than the ones with nanosilver paste conse-
quently. The modules with nanosilver paste show longer lifetime
for the second-level power cycling and failed after at least 90 000
cycles.

C. Minute-Level Power Cycling Test

The reliability of die attachment is as important as that of
wirebonds. A good die attachment must have to meet the desired
functionality that could affect mechanical, thermal, and electri-
cal properties of power modules. To evaluate the reliability of
die attachment in the multichip IGBT modules, a minute-level
power cycling test was performed and its profile is shown in
Fig. 8. Each power cycle lasts 6 min so that there is enough time
for the heat to dissipate from power chip to die attachment. The
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Fig. 8. Schematic for the minute-level power cycling setup.

Fig. 9. Thermal resistance of two kinds of IGBT modules with different die-
attach materials versus number of minute-level power cycles.

junction temperature swings between 25 and 125 °C, whereas
the case temperature varies between 25 and 105 °C.

Fig. 9 shows the comparison of the thermal resistance be-
tween the IGBT module with pressureless sintered nanosilver
and the one with soldered Sn5Pb92.5Ag2.5. The thermal resis-
tance of the IGBT module can be defined as the temperature
drop between junction temperature Tj and case temperature Tc

divided by the power loss P [57]

Rth =
Tj − Tc

P
. (2)

The thermal resistance increases with increase in the number
of power cycles. Before power cycling, the thermal resistance of
the commercial IGBT module with soldered Sn5Pb92.5Ag2.5
is 0.234 ◦C/W, which is 1.5% higher than that of our as-
prepared IGBT module with pressureless sintered nanosilver.
After 35 000 minute-level power cycles, the resistance of
the IGBT module with soldered Sn5Pb92.5Ag2.5 increased to
0.246 ◦C/W, which is 2.1% higher than that of the IGBT mod-
ule with the pressureless sintered nanosilver. It was indicated
that the solder layer could deteriorate the capability of heat
dissipation during the minute-level power cycles. The junction
temperature of the IGBT module with the soldered Sn5Pb92.
5Ag2.5 is higher than the one with the pressureless sintered
nanosilver. As a result, the Si p-i-n diode reverse-recovery

current increased substantially in the case of higher junction
temperature because of the increase of the lifetime of the carrier
at the higher temperatures [58]. The reverse-recovery current
also induces extra reverse-recovery losses of the Si p-i-n diode
when the device is turned off, leading to accelerate degradation
of the power module with soldered Sn5Pb92.5Ag2.5 [59]. It is
worth noting that the evaluated temperature may have no effect
on the reverse-recovery loss of SiC Schottky diodes because
they are unipolar devices proposed to have a negligible reverse-
recovery current during turn off [60]. It is also worth noting
that the difference in the overall thermal resistance of the IGBT
modules module with pressureless sintered nanosilver and the
one with soldered Sn5Pb92.5Ag2.5 is not significant. It may be
that the thermal resistance of die attachment is only a small frac-
tion of the overall thermal resistance, and the benefit brought by
the pressureless sintered nanosilver becomes less significant.

Although the difference of the thermal resistance between the
two modules is not significant, the use of nanosilver paste as a
die-attach material is more important for further applications,
especially in the high-temperature environment. For the IGBT
module with soldered Sn5Pb92.5Ag2.5, there is a standard two-
solder reflow process; the melting point of solder using as die
attachment should be higher than that of one using to bond
DBC substrate with base plate. Therefore, the Sn5Pb92.5Ag2.5
is used as a die attachment and the Sn96.5Ag3.0Cu0.5 is se-
lected for bonding DBC substrate with base plate. However, the
Sn96.5Ag3.0Cu0.5 with the low melting point is more suscep-
tible to creep failure compared with other die-attach materials
with the higher melting point in the long-term service. Since the
melting point of the sintered nanosilver is as high as 961 °C,
many other bonding materials with high melting point could be
selected for bonding DBC substrate and base plate. In addition,
we also try to use nanosilver paste as DBC-attach layer in our
further work so as to obtain better long-term reliability.

Any void, crack, and delamination in the die attachment could
also increase the thermal resistance considerably because the
thermal conductivity of air is extremely lower than that of any
bulk metal [61]. Although the void ratio of the two kinds of die-
attach layers was both acceptable for the industrial electronics,
the void of sintered silver joints was small and round in shape,
while the void of soldered Sn5Pb92.5Ag2.5 joints was irregular
in shape. In the case of cyclic loading, the stresses are evenly
distributed around the round void, while the stresses are easy
to gather at the tip of irregular void. The uneven distribution of
stress may promote the initiation and growth of cracks easily.
On the other hand, the intermetallic compounds (IMCs) could
be generated in the soldered Sn5Pb92.5Ag2.5 joints, whereas
no IMC could be formed in the sintered joints, which are made
up of metallic silver. These IMCs are generally more brittle
than the base metal and have a negative impact on the reliabil-
ity of soldered Sn5Pb92.5Ag2.5 joint and the IMCs can easily
lead to crack initiation and accelerate the propagation of fatigue
cracks, and eventually promote the accumulation of damage
[61]. As a result, the thermal resistance of the module with
soldered Sn5Pb92.5Ag2.5 increases faster than the one with
sintered nanosilver during the minute-level power cycles.

During each power cycle, considerable temperature gradi-
ents are generated inside the IGBT module. Thermomechanical
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Fig. 10. Von-Mises stress distribution of die attachment of (a) pressureless
sintered nanosilver and (b) soldered Sn5Pb92.5Ag2.5.

stresses are also easily produced in the die-attach layers
due to the temperature fluctuations. A finite-element model-
ing was used to simulate and compare the thermomechanical
stress distribution between sintered nanosilver and soldered
Sn5Pb92.5Ag2.5. Fig. 10 shows the von-Mises stress distribu-
tion of the die-attach layer at the end of the fifth power cycle. As
seen, the maximum stresses of both die-attach layers are easily
located along the center of the layers. The maximum von-Mises
stress of the soldered Sn5Pb92.5Ag2.5 layer is 13.4 MPa, which
is 2.9 MPa higher than that of the sintered nanosilver layer. Large
thermomechanical stresses can destroy the bonding layers, es-
pecially for the interface between the soldered Sn5Pb92.5Ag2.5
and substrate. It is well known that the cyclic thermomechanical
stress plays an important role in the mechanism of void forma-
tion [62]. The induced microcracks at the interface between the
bonding layer and substrate may cause faster and more extensive
laminate cracking during the thermal cycles.

Fig. 11 shows the comparison of I–V characteristics at
different number of power cycles between the module with
pressureless sintered nanosilver and the one with soldered
Sn5Pb92.5Ag2.5. The I–V curves of these IGBT modules were
measured by a static testing system (CREA, STD MT100s-20).
The on-state resistance increases with increase in the number
of power cycles. The forward characteristics of both IGBTs and
diodes were recorded with respect to the different temperatures.
Since the relationship between the on-state current and voltage
is fairly linear [63]. Therefore, the on-state resistance can be
expressed as follows:

RCE = (VCE − Vt)/IC (3)

RF = (VF − Vf )/IF (4)

where RCE and RF represent the on-state resistances of IGBT
and diode, respectively, while Vt and Vf represent the built-in
voltages of the IGBT and the diode, respectively. The on-state
resistance of the IGBT of the module using sintered nanosil-
ver was 9% lower than that using soldered Sn5Pb92.5Ag2.5
after 35 000 power cycles. The on-state resistance of the diode
of the module using sintered nanosilver was 6% lower than
that using soldered Sn5Pb92.5Ag2.5 after 35 000 power cycles.
The on-state resistance includes three parts: the on-resistance

Fig. 11. Forward characteristics at different minute-level power cycles.
(a) Diode (b) IGBT.

of the power chip, the on-resistance of the wirebond, and the
on-resistance of the die attachment. Because the power chips
used in the two kinds of IGBT modules could be treated as
identical as each other, the increased on-resistance may mainly
depend on not only the degradation of die attachment but also
the wirebond heel crack or failure.

Compared to the sintered device, the soldered device is more
prone to cracks and creep degradation in the wirebonds because
of the low thermal conductivity and the possible formation of
IMCs for the solders [64]. The formation of cracks and creep
degradation could lead to an increase in the on-resistance of the
wirebonds, resulting in the decrease of capability of taking cur-
rent in the local hotspot/crack region. Current imbalance could
occur among the wires because the rest wires in the other area
without hotspot/cracks have to take more current through the
power device. Consequently, more heat could be generated fur-
ther in these wirebonds and may cause wire melting and lifting
failures, which also promotes the increase of on-resistance of
the wirebonds.

For the die attachment, the resistance of the die attachment
can be calculated as

R = ρ
L

S
(5)
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Fig. 12. Switching waveforms of the IGBT modules before and after 35-K
power cycles.

where ρ, L, and S are the resistivity, the length, and the
cross-sectional area of the die attachment, respectively. The
crack growth was likely to be interrupted by the uniformly
distributed pores in the sintered silver joints [65]. Therefore,
few cracks could be present in the sintered nanosilver. On
the contrary, the cracks are easier to be generated in the sol-
dered Sn5Pb92.5Ag2.5 joints due to irregular voids and IMCs
[66]. The more cracks in the die attachment, the smaller the
cross-sectional area (S) of the die attachment. Therefore, the
on-state resistance also increases with the increase in the num-
ber of cycles because of the increase of the cracks in the die
attachment.

The switching characteristics were also compared between
the two kinds of IGBT modules before and after the minute-level
power cycling test. The test temperature was fixed at 25 °C. The
switching behavior of the devices was measured by the double-
pulse testing method [67]. The test conditions included dc bus
voltage VCC = 600 V, current IC = 150 A, gate resistance
RG = 15 Ω, and load inductance L = 200 μH.

The switching waveforms and switching characteristics of
the two IGBT modules were shown in Figs. 12 and 13, respec-
tively. Before the power cycles, the switching waveforms of
the IGBT module using pressureless sintered nanosilver match
well with those of the commercial IGBT module using sol-
dered Sn5Pb92.5Ag2.5. The total switching loss of these two
IGBT modules was about 42.5 mJ. After 35 000 power cy-
cles, the total switching loss of the IGBT module with soldered
Sn5Pb92.5Ag2.5 was measured to be 56.5 mJ. However, the
IGBT module with sintered nanosilver is only 48.9 mJ. Large
switching losses not only degrade conversion efficiency but may
also lead to the need to take away more heat generated in the
device and driver circuitry [68]. The maximum junction tem-
perature of the IGBT module with soldered Sn5Pb92.5Ag2.5
should be higher than that of the IGBT module with pressure-
less sintered nanosilver in the same conditions because of the
higher power loss and the lower thermal conductivity. As a re-
sult, the Si p-i-n diode reverse-recovery current as well as reverse
recovery energy has to increase over a long duration, resulting in
current overshoot and extra turn-on losses of the complimentary
IGBTs [69].

Fig. 13. Switching characteristics of the IGBT modules before and after 35-K
power cycles.

IV. CONCLUSION

This paper presents the reliability of a multichip phase-leg
IGBT module bonded by pressureless sintering of nanosilver
paste considering power cycling test. By second-level power
cycling test (junction temperature: 25 to 125 °C, case tem-
perature: 25 to 55 °C), the lifetime of the IGBT module with
soldered Sn5Pb92.5Ag2.5 was 30 000 cycles lower than the
one with pressureless sintered nanosilver. After 35 000 minute-
level power cycling test (junction temperature: 25 to 125 °C,
case temperature: 25 to 105 °C), the thermal resistance, on-
state resistance, and total switching energy of the IGBT mod-
ule using pressureless sintered nanosilver were 2.1%, 9.0%,
and 13.4% lower than that of commercial one, respectively.
In summary, this study presents a efficient way different from
existing ones to optimize the large-area die attachment for
power electronic packaging, especially high-temperature ap-
plications, e.g., for assembling SiC or GaN devices at high
temperature.
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[68] R. Vargas, U. Ammann, and J. RodrÍguez, “Predictive approach to increase
efficiency and reduce switching losses on matrix converters,” IEEE Trans.
Power Electron., vol. 24, no. 4, pp. 894–902, Feb. 2009.

[69] C. W. Lee and S. B. Park, “Design of a thyristor snubber circuit by
considering the reverse recovery process,” IEEE Trans. Power Electron.,
vol. 3, no. 4, pp. 440–446, Oct. 1988.

Shancan Fu received the B.S. degree in material
science and engineer from Shandong University of
Science and Technology, Shandong, China, in 2009,
and the M.S. degree in material science and engineer
from Beihang University, Beijing, China, in 2012.
He is currently working toward the Ph.D. degree at
the Key Laboratory of Advanced Ceramics and Ma-
chining Technology of Ministry of Education, Tianjin
University, Tianjin, China.

His current research interests include high-
temperature packaging for high-power-density

applications.

Yunhui Mei (M’12) received the B.S. and Ph.D. de-
grees in process equipment and controlling engineer-
ing from Tianjin University, Tianjin, China, in 2006
and 2010, respectively.

He studied at the Center for Power Electronics Sys-
tems, Virginia Polytechnic Institute and State Univer-
sity, Blacksburg, USA. He is currently an Associate
Professor with the Tianjin Key Laboratory of Ad-
vanced Joining Technology and School of Material
Science and Engineering, Tianjin University. He has
published more than 60 papers on power electronic

packaging. His current research interests include high-temperature packaging
and materials for high-power-density applications.

Xin Li received the B.S., M.S., and Ph.D. degrees in
materials processing engineering from Tianjin Uni-
versity, Tianjin, China, in 2007, 2009, and 2012, re-
spectively.

Since April 2012, she has been a Lecturer with the
School of Materials Science and Engineering, Tianjin
University. Her research interests include high-power
electronic packaging technology and reliability.

Changsheng Ma received the B.S. degree in micro-
electronics from Shenyang University of Technology,
Shengyang, China, in 2004, respectively.

He is currently a Senior Engineer with the research
and development of power electronic module, Jiangsu
Macro and Micro Technology Co., Ltd, Changzhou,
Jiangsu, China. He has participated several research
and development in the National High Technology
Research and Development Program of China. His
current research interests include high-power elec-
tronics, power systems, and electric machines.

Guo-Quan Lu (M’97) received the B.S. degrees in
physics and in materials science and engineering from
Carnegie Mellon University, Pittsburgh, PA, USA, in
1984, and the Ph.D. degree in applied physics and ma-
terials science from Harvard University, Cambridge,
MA, USA, in 1990.

He was with the Alcoa Technical Center, Alcoa
Center, PA. He is currently a Professor in the De-
partment of Materials Science and Engineering and
Bradley Department of Electrical and Computer En-
gineering, Virginia Polytechnic Institute and State

University, Blacksburg, VA, USA. He has held a Cheung Kong Guest Professor-
ship with the Tianjin Key Laboratory of Advanced Joining Technology and the
School of Material Science and Engineering, Tianjin University, Tianjin, China,
since 2007. His current research interests include materials and processing de-
velopment for electronic packaging of microelectronics, power electronics, and
optoelectronics.

Prof. Lu received the National Science Foundation Career Award and the
Research and Development 100 Award in 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


