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Abstract Power electronics modules in electric vehicles
and hybrid electric vehicles, particularly those containing
next-generation power semiconductor devices such as sili-
con carbide and gallium nitride are operated at high tem-
peratures exceeding 200°C. Consequently, the reliability
requirements for such modules have become highly strin-
gent and new packaging materials and technologies are
required to meet the demands of power electronic modules.
Some good candidates for high temperature applications
include high-temperature solders such as Au-20Sn, Ag or
Cu sinter pastes, and transient liquid phase (TLP) bond-
ing materials. In particular, the TLP bonding technology
is suitable for use in high temperature environments owing
to its low cost and simplicity of the bonding process. In
this study, the feasibility of Cu—Sn and Ni—Sn TLP bond-
ing technologies as die-attach methods for power electron-
ics packaging applications is examined. The results of the
study indicate that the Cu-Sn and Ni-Sn TLP bonding
processes transform the joints fully into CugSns/Cu;Sn and
Ni;Sn, intermetallic compounds (IMCs), respectively. Fur-
ther, the mechanical strength and reliability of the two TLP
bonding joints are reduced owing to the formation of brittle
IMCs.
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1 Introduction

In recent years, various global environmental pollution
control policies such as the restriction of hazardous sub-
stances directive and the end of life vehicle regulation
have been enacted. Consequently, eco-friendly vehicles
such as hybrid electric vehicles and electric vehicles have
come into focus. In such eco-friendly vehicles, power mod-
ules convert electrical energy into mechanical energy and
power electronics packaging is a key class of technologies
required for fabricating such power modules [1]. Moreover,
power electronics packaging technologies are required for
ensuring efficient power conversion with the semiconduc-
tor devices in the power modules. Increases in the operat-
ing temperatures and current densities of advanced power
devices enhance the complexities involved in meeting the
quality requirements of power electronic modules [2]. So
far, Pb-containing solder alloys have been widely used as
die-attach materials between the chips and substrate in
power electronics packaging [3]. However, a number of
studies have focused on replacing the Pb-bearing alloys,
because they are toxic, not reliable enough, and are una-
ble to withstand the high operating temperatures required
in specific applications. In the current power electron-
ics industry, many manufacturers aim to increase the chip
junction temperature to 200 °C and even beyond. Generally,
Pb-free solder alloys are difficult to use over long dura-
tions at high temperatures, owing to relatively poor ther-
mal characteristics such as low melting point and thermal
fatigue [3-6]. In addition, Si is likely to be replaced with
wide band gap semiconductors such as silicon carbide and
gallium nitride in devices designed for high-temperature
operations, owing to the excellent thermal characteristics
of the latter. Thus, new interconnect materials and tech-
nologies are required before high-temperature devices and
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circuits can be scaled-up and reliably incorporated into
power electronics systems. Examples of such technologies
include soldering with high-melting temperature solders,
sintering with Ag or Cu metal powders, and diffusion sol-
dering or transient liquid phase (TLP) bonding. Au—Sn sol-
der [7-10] and Ag paste [11-13] are available as suitable
alternative bonding materials. However, they are relatively
expensive owing to the use of noble metals such as Au and
Ag. In contrast, the TLP bonding technology utilizes cheap
metals such as Cu, Ni, and Sn. This process is also similar
to the soldering process and is reliable when subjected to
high temperatures over long durations. TLP bonding is a
die-attach technology wherein an intermetallic compound
(IMC) is formed via a diffusion reaction by incorporating a
low melting point metal between metals with high melting
points. The resulting IMC plays the role of an attach mate-
rial for the TLP bonded joints and is suitable for high-tem-
perature operation, owing to the increased re-melting point.
The joints bonded using typical Sn-based solders do not
melt unless the assembly is heated to the melting point of
the IMC phases (i.e., 415 °C for CugSns, 676 °C for Cu;Sn,
and 794 °C for NisSn,). Two metals that are able to form
IMC:s at low temperatures can be used as materials for TLP
bonding [14-16]. Recently, the TLP bonding technology
has gained significant attention owing to such advantages
in power electronics packaging.

In the current study, Cu—Sn and Ni—-Sn TLP bonding
technologies have been investigated as die-attach methods
for power electronics packaging. We first evaluated the
interfacial reactions and transformation of the solder to the
IMC phase under various TLP bonding conditions. In order
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to determine the effect of interfacial reactions and reaction
products on the mechanical properties of the TLP bonded
joints, lap shear tests were conducted. Further, the relation-
ship between the mechanical properties of the TLP bonded
joints and interfacial reactions is discussed.

2 Experimental procedure

Two TLP bonding specimens made of Cu/Sn/Cu and Ni/
Sn/Ni were used in this study. Substrates consisting of
200 um-thick Cu coupons were used for the two TLP bond-
ing tests. To form the Cu—Sn TLP bonding, a 7 um thick
Sn layer was plated on the Cu substrate, whereas in the
case of Ni-Sn TLP bonding, Ni(P) was plated electrolessly.
The electroless Ni(P) layer was about 5 pm thick and con-
tained approximately 15 at.% P. Subsequently, a 7 um thick
Sn layer was plated over the Ni(P) layer. The bonding pro-
cesses for the two materials were performed under identical
conditions. The Sn-coated substrates were bonded to other
Sn-coated substrates using flux in a vacuum reflow machine
(SRO-704, ATV Technologie GmbH, Germany). Figure 1a,
b show schematic illustrations of the Cu/Sn/Cu and Ni/Sn/
Ni samples. During the bonding process, the samples were
exposed to a N, atmosphere in the chamber of the vacuum
reflow machine. The maximum bonding temperature was
300°C and five bonding durations, namely 4, 30 min, 1,
2, and 3 h were examined. After the bonding process, the
samples were cooled to room temperature and their cross-
sections were examined. To prepare the samples for cross-
sectional analysis, common metallographic procedures
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Fig. 1 Schematic diagrams of a Cu/Sn/Cu joint, b Ni/Sn/Ni joint, and ¢ lap shear test samples and lap shear testing methodology
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including grinding and polishing were used and an etchant
consisting of 95% C,H;OH-4% HNO;-1% HCI was used to
reveal the microstructure in the cross-section of the sam-
ples. The microstructures and chemical compositions were
determined using a scanning electron microscope (SEM,
INSPECT F, FEI, USA) equipped with an energy disper-
sive X-ray spectroscope (EDX). In order to determine the
effect of interfacial reactions and IMC formation during
TLP bonding on the mechanical properties of the TLP
bonded joints, lap shear tests were conducted using a global
lap shear tester (LR30K-plus, LLOYD instruments LTD).
Figure 1c shows a schematic diagram of the lap shear test-
ing methodology and the samples used for these tests. The
lap shear test samples had a grip area of 15X 7 mm, shear
area of 7X7 mm, and thickness of 0.2 mm. The tests were
performed according to the ASTM D1002 standard [17]
with a speed of 1.3 mm/min. A total of seven lap shear sam-
ples was tested under each condition and the average values
are reported. After the lap shear tests, the fracture surfaces
were investigated thoroughly using SEM and EDX.

3 Results and discussion

Figure 2 shows cross-sectional SEM images of the Cu/
Sn/Cu TLP joints subjected to bonding at 300 °C for vari-
ous durations of time. The Cu-Sn TLP bonded joints
were formed by melting Sn between two Cu layers. Dur-
ing the reflow process, the Sn solder was in the molten
state and typical scallop-type CugSns IMCs were formed
at both interfaces. A bond line thickness (BLT) of approxi-
mately 15 um was achieved after a bonding time of 4 min
(Fig. 2a). After bonding for 30 min, Cu;Sn IMCs were
formed at both the interfaces between the CugSns layer and
Cu substrate, as shown in Fig. 2b. Therefore, CugSns and
Cu;Sn are the main reaction products in the Cu—Sn system.
The size of the CugSns IMCs increased with increase in the
bonding time. Till a bonding time of 30 min, a Sn layer was
present between the two CugSns IMC layers, whereas after
a bonding time of 1 h, large Cu,Sns; IMCs were formed in

the TLP bonded joint, and both the Cu substrates were con-
nected via the CuySns IMCs, as shown in Fig. 2c. However,
Sn still remained in the TLP bonded joint. After a bond-
ing time of 2 h, the TLP bonded joints were completely
transformed into the CuySns and Cu;Sn IMCs. Further, Sn
was completely consumed and was no longer present in the
joint (Fig. 2d). After a bonding time of 3 h, the thickness
of the Cu;Sn IMC layer between the Cu layer and CugSns
IMC increased (Fig. 2e). On the other hand, between 2 and
3 h, CugSns was transformed into the Cu;Sn IMC, owing
to the depletion of Sn and further diffusion of Cu atoms.
These processes resulted in the formation of relatively thick
Cu;Sn IMCs. After a reaction time of 3 h, the thicknesses
of the reaction products, CugzSns, and Cu;Sn were 7.5 and
7.5 um, respectively. Overall, the BLTs were distributed
uniformly, with the thickness ranging from 15 to 16.8 pm
during TLP bonding. Thus, we successfully fabricated
Cu-Sn TLP bonded joints composed of CugSns and Cu;Sn
IMCs in this study.

Figure 3 shows cross-sectional SEM images of the Ni/
Sn/Ni TLP joints subjected to bonding at 300°C for vari-
ous durations. TLP bonding for 4 min yielded typical
needle-type Ni;Sn, IMCs at both the interfaces as shown
in Fig. 3a. In addition, Ni;P layers were formed at the two
interfaces between the Ni;Sn, IMC and electroless Ni(P)
layer. This Ni;P layer contained about 25 at.% P, as deter-
mined from the EDX analysis. The formation of the Ni;P
layer in the Sn-based solder/Ni(P) system is well-known
from previous reports [18, 19]. After 30 min, many needle-
type Ni;Sn, IMCs were formed at both the interfaces. In
addition, the Ni;P layer grew in thickness with increase in
the bonding time (Fig. 3b). While after a bonding time of
1 h, the bonded joint was mostly transformed into Ni;Sn,
IMCs, we also observed a small amount of remaining Sn
in the center of the TLP bonded joint, as shown in Fig. 3c.
After a reaction time of 2 h, the TLP bonded joints were
completely transformed into the NizSn, IMCs, as shown
in Fig. 3d. In addition, the Ni(P) layer was also completely
converted into the NizP layer, which contained a num-
ber of voids owing to the transformation from amorphous
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Fig. 2 Cross-sectional SEM micrographs of Cu/Sn/Cu TLP bonded interfaces subjected to bonding at 300 °C for various durations: a 4 min, b

30min,c1h,d2h,ande3 h
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Fig. 3 Cross-sectional SEM micrographs of the Ni/Sn/Ni TLP bonded interfaces bonded at 300 °C for various durations: a 4 min, b 30 min, ¢

1h,d2h,ande3 h

Ni(P) to the crystalline Ni;P phase [20]. Another ternary
Ni,SnP layer was also observed between the Ni;Sn, IMC
and Ni;P layer. Similar results have been reported in pre-
vious papers [20, 21]. After TLP bonding for 3 h, no sig-
nificant changes in microstructure were observed, because
Sn was completely consumed after 2 h (Fig. 3e). There was
only a slight increase in the thickness of the ternary Ni,SnP
layer and more interstitial Sn was observed in the Ni;P
layer. Similar to the Cu—Sn TLP bonding shown in Fig. 2,
the BLTs were uniformly distributed with the thickness
ranging from 14.5 to 16 um during Ni—-Sn TLP bonding.
In this study, BLTs of approximately 15 um were achieved
for both Cu—Sn and Ni—Sn TLP bonding. We used bonding
temperature of 300 °C and bonding time up to 3 h without
bonding pressure in our TLP bonding process. Therefore,
we obtained a relative thick bond line thickness of about
15 um. We can reduce BLTs by using moderate bond-
ing pressure and thinner Sn layer between Cu or Ni metal
layer. In the TLP bonding process, the bonding thickness
is an important issue in the successful TLP bonding and
formation of a robust joint. In addition, the process time is
strongly related to the TLP bonding thickness. Therefore,
we can control the interfacial reactions, interfacial micro-
structure, and phase formation by modifications of bonding
parameters such as pressure, temperature, and time.

The interfacial microstructure of the bonded joints is
closely related to the mechanical strength and reliability
of the bonded joints, in general [22-25]. Therefore, we
performed lap shear tests to evaluate the effect of inter-
facial reactions and IMC formation on the mechanical
properties of the TLP bonded Cu/Sn/Cu and Ni/Sn/Ni
joints. Figure 4 shows the lap shear strengths of the two
TLP bonded joints at various bonding durations. In the
case of the Cu/Sn/Cu joints, the shear strength tended to
decrease abruptly after bonding for 30 min. The average
shear strength of the Cu/Sn/Cu joints after bonding for
4 min was about 7 MPa, whereas this value decreased to
2 MPa after bonding for 30 min. Further increased in the
bonding time from 30 min to 3 h did not lead to changes
in the shear strength and a constant value of about 2 MPa
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Fig. 4 Shear strength variation of the Cu/Sn/Cu and Ni/Sn/Ni TLP
bonded joints as a function of bonding time. The error bars are deter-
mined from the maximum and minimum strength values obtained
from seven test samples

was observed. On the other hand, in the case of the Ni/
Sn/Ni joints, the shear strength tended to decrease with
increase in the bonding time up to 1 h, as shown in Fig. 4.
The average shear strength of the Ni/Sn/Ni joints after
bonding for 4 min was about 6 MPa, which decreased to 5
and 3 MPa after bonding for 30 min and 1 h, respectively.
After a bonding time of 1 h, constant shear strength val-
ues were obtained. The shear strengths of the Cu/Sn/Cu
and Ni/Sn/Ni joints decreased significantly after bonding
for 30 min and 1 h, respectively. However, large devia-
tions in these values were observed. As shown in Figs. 2
and 3, the TLP bonded joints for the two types of sam-
ples were transformed into the IMC phase after a bond-
ing time of 2 h. In this case, the Ni/Sn/Ni joints had a
slightly higher strength (3 MPa) compared to the Cu/
Sn/Cu joints (2 MPa), owing to the formation of differ-
ent IMCs in Cu—Sn and Ni-Sn [26]. As whole, low shear
strength values of 2-7 MPa are measured in this study.
According to a literature [27], die shear strength values of
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approximately 11 and 9-16 MPa are reported for Au—Sn
and Cu-Sn TLP bonded joints, respectively. Although
the exact reason for the difference in shear strength is not
clear at this point, it is presumably due to the discrepancy
of small and large bonding area, used metallizations,
shear test methods such as lap shear and die shear, and
existence of defects as a void.

To confirm the variations in the lap shear strength, the
fracture surfaces after lap shear testing were thoroughly
examined by SEM. Figure 5 shows the cross-sectional
SEM micrographs of the fractured Cu/Sn/Cu joints sub-
jected to bonding for various durations of time. It may be
observed that fracture occurred in the bulk Sn solder after
bonding for 4 min. The remaining Sn is indicated with red
lines in Fig. 5a. However, after bonding for 30 min, IMC
fracture occurred. Although complete transformation to the
IMC did not occur and Sn remained after a bonding dura-
tion of 30 min (Fig. 2b), fracture mainly occurred along the
Cu4Sns IMC interfaces (Fig. 5b). This caused the abrupt
decrease in the lap shear strength after 30 min of bonding
in the case of the Cu/Sn/Cu joints, as shown in Fig. 4. After
prolonged bonding up to 3 h, brittle IMC fractures were
also observed.

Figure 6 shows the cross-sectional SEM micrographs of
the fractured Ni/Sn/Ni joints at various bonding durations.
When the Ni/Sn/Ni TLP samples were bonded at 300 °C,
fracture occurred in the bulk Sn solder up to a bonding time

of 30 min, whereas fracture was observed at the IMC inter-
face after bonding for 1 h. These results are consistent with
the shear strength results shown in Fig. 4.

A schematic illustration of the fracture sites in the two
TLP bonded joints is shown in Fig. 7. This diagram is con-
structed based on the results shown in Figs. 2, 3, 4, 5 and 6.
We overlapped the fracture sites observed in the cross-sec-
tional SEM micrographs, and the Sn solder and IMC frac-
tures are indicated using red and blue lines, respectively.
Fracture mostly occurred along the center lines regardless
of IMC growth in the two TLP bonded joints. During the
initial bonding stages, remaining Sn was observed and
small IMCs were formed at both the interfaces, resulting in
high shear strength. On the other hand, complete transfor-
mation to Cu—Sn or Ni—Sn IMCs reduced the shear strength
of the TLP bonded joints. Although the TLP bonded joints
were able to withstand temperatures above the bonding
temperature, once they were completely transformed into
the IMC phases, the TLP joint became brittle.

4 Conclusions

We compared the interfacial reaction behavior and
mechanical reliability of the Cu-Sn and Ni-Sn TLP
bonded joints. The relationships between the bonding
conditions, interfacial microstructure, and mechanical

(©)1h

Fig. 5 Cross-sectional SEM micrographs of the fractured Cu/Sn/Cu TLP bonded joints as a function of bonding time: a 4 min, b 30 min, ¢ 1 h,

d2h,ande3h
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Fig. 6 Cross-sectional SEM micrographs of the fractured Ni/Sn/Ni TLP bonded joints as a function of bonding time: a 4 min, b 30 min, ¢ 1 h, d

2h,ande3 h
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Fig.7 Schematic diagrams of the fracture sites at the Cu/Sn/Cu and Ni/Sn/Ni TLP bonded joints; a—e Cu/Sn/Cu TLP bonded joints and f—j Ni/

Sn/Ni TLP bonded joints

strength are investigated in this paper. In the case of the
Cu-Sn TLP bonding, CusSns IMC grew in thickness by
consuming the Sn layer between 4 min and 1 h of bond-
ing. The interfaces of the Cu—Sn TLP bonded joints were
completely transformed to the CugSns and CuzSn IMCs
after 2 h. In the case of Ni-Sn TLP bonding, only Ni;Sn,
IMCs were formed at the interface. In addition, Ni,SnP,
Ni;P, and interstitial Sn were also observed in the TLP
bonded joint after 2 h. The shear strength of the two TLP
bonded joints significantly decreased during the initial
stages of bonding, resulting in transition from ductile to
brittle fracture. This is attributed to the formation of the
IMC layers and weak interfaces. The shear strength of
the Cu—Sn TLP bonded joints were more rapidly reduced
compared to the Ni-Sn TLP bonded joints. More reliabil-
ity studies are required before the TLP bonded joints can
be reliably incorporated into power electronics systems.
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