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ABSTRACT

Low-temperature transient liquid phase (TLP) bonding is a very promising
technology for achieving die attachment in high-temperature power devices.
However, the Ag-Sn TLP-bonded joint has high sensitivity to shrinkage pores,
which will lead to the deterioration of mechanical, thermal, and electrical
properties. In this study, we have proposed two novel methods to solve the
problem of pores in Ag-Sn TLP bonding through the introduction of second
phases. The first method is replacing Ag substrate on one side with Cu substrate
to create dual layers of dissimilar intermetallic compounds (IMCs). Conse-
quently, the dual layers of CugSns (or CuzSn) and AgsSn IMCs emerge on the
cross-sections of bonded joint, resulting in the effective elimination of pores,
which can be attributed to the change of the microstructure and the interface
migration between two dissimilar IMC layers (e.g., CusSns/AgzSn). The second
method is coating a thin Cu film on the Ag substrate to introduce Cu-Sn IMC
particles. As a result, a great number of Cu¢Sns particles disperse in the middle
of the AgsSn layer, filling the micropores efficiently, such that a significant
decrease in shrinkage pores is achieved. Both methods have been experimen-
tally verified to improve the mechanical properties, and they have high potential
to be implemented in other TLP systems.
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aerospace, deep-well drilling, and energy production
industries [1, 2]. This approach ensures that devices
can be operated at high temperatures without failure,

Introduction

Low-temperature transient liquid phase (TLP)

bonding is an extremely promising technology for
achieving die attachment in high-temperature power
devices, particularly wide-band gap semiconductors
such as silicon carbide (SiC) and gallium nitride,
which are widely employed in the automotive,
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because TLP joints are generally composed of full
intermetallic compounds (IMCs), which have much
higher remelting points in comparison to the tem-
peratures in the bonding process (<300 °C) [3]. In
recent years, many researchers have made
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considerable progress by focusing on the growth
mechanisms, morphological characterizations, and
mechanical properties of IMCs from different sys-
tems, such as Cu-5Sn [4], Ni-5n [5], Au-5n [6], Ag-Sn
[7], and Cu-In [8]. The literatures report that pore
defects form easily in TLP joints [9-12], which may
severely reduce their reliability in terms of electrical
conductivity and mechanical properties.

Three types of void exist, defined according to their
formation processes and characteristics: the Kirk-
endall void, processing pore, and shrinkage pore.
Kirkendall voids are initiated by unbalanced diffu-
sions of different elements at the interface; they are
especially common in the Cu-Sn TLP system, in
which the voids are usually located along the Cu/
CuzSn interface [12]. In general, the formation of
Kirkendall voids is supposed to result from impuri-
ties like sulfur that are incorporated during electro-
plating [13]. However, the latest study suggests that
the grain size of the substrate is a principal factor,
and fine-grained base materials induce more Kirk-
endall voids because of the increase in diffusion
paths of the grain boundary [14]. It is reported that
heat treatment on the metallization layer can signifi-
cantly reduce the incidence of Kirkendall voids [15],
because heat treatment reduces the content of impu-
rity elements and suppresses their segregation [16].
Furthermore, coarsened grains can decrease the grain
boundaries for diffusion as well [14].

Bosco et al. [9] first paid attention to the distribu-
tion of pores along the central zone of the IMC joints.
They proposed that these pores form prior to the
occurrence of the liquid phase, as most of the
deposited interlayer is consumed during solid-state
reactions, and the liquid is not sufficient to success-
fully accomplish TLP bonding at the targeted tem-
perature. This kind of defect is called a processing
pore because of its formation process. Processing
pores tend to be generated in situations with depos-
ited interlayers, like electroplated Sn [9, 10]. How-
ever, researchers have identified a critical thickness of
interlayer that can produce pore-free joints, which is
strongly associated with the heating rate. Two
methods have been suggested for avoiding this type
of pore. Wang et al. [9] found that annealing the
substrate to coarsen the grains can improve the
mechanical integrity of Ag-In TLP joints, since the
decreased grain boundaries restrain solid-state dif-
fusions. It has also been reported that the insertion of
a buffer layer of an element like Ni between the
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substrate and the deposited interlayer can suppress
atom diffusions in the solid state [17-19].

Shrinkage pores represent a very familiar defect in
Ag-Sn [11] and Ni-Sn [20] TLP joints. They are
generally located in the middle of the IMC layer,
where the final molten Sn islands are consumed. The
formation of a shrinkage pore occurs as a conse-
quence of volume shrinkage during isothermal
solidification. Some researchers have investigated the
characteristics of shrinkage pores, but no effective
solutions have yet been proposed to reduce or elim-
inate them. This paper systematically investigates the
elimination of shrinkage pores through two novel
approaches: the formation of dual layers of dissimilar
IMCs (e.g. CugSns/AgsSn or CuzSn/AgsSn) and the
introduction of second-phase particles. Both modified
methods can produce largely pore-free joints.

Experimental procedure

Two polished pure Cu (99.9%) rods with the
dimension of 10 and 6 mm diameter and 5.5 mm
length were electroplated with 25-pm-thick Ag layer,
to be used as the substrate. Commercially available
pure Sn (99.9%) foil with 10 um thickness was uti-
lized as the solder interlayer. Prior to bonding pro-
cess, the Ag-plated substrate was ultrasonically
cleaned in 5 vol% HNOj solution for 5 min, followed
by rinsing with deionized water and anhydrous
alcohol, and dried at last. The Sn foil was firstly
dipped in acetone for several minutes and then
washed with anhydrous alcohol. After being mildly
coated with resin flux, the Sn foil was inserted into
the two different substrates. A preliminary experi-
ment was conducted to investigate the Ag/Sn/Ag
sandwich TLP bonding. However, our previous
study indicated that a large amount of pores formed
in the middle of the IMC layer [21].

In order to avoid unnecessary impacts from resid-
ual flux and clearly observe the appearance of the
pores, another preliminary experiment was per-
formed using 25-um-thick Sn foil under vacuum
condition. Figure 1 shows the cross-sectional
microstructures of the Ag/Sn/Ag TLP joints. Many
large pores started to form alongside the Sn islands
just as AgsSn scallops on both sides contacted with
each other (Fig. 1a). Their sizes significantly
increased after the molten Sn was completely con-
sumed (Fig. 1b). This change suggests that the
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Figure 1 Characterizations of the pores in Ag—Sn TLP joints formed at 280 °C for a 150 min (containing Sn islands) and b 300 min
(composed of full IMCs), where the bonding pressure is about 0.2 MPa.

formation of pores is attributed to volume shrinkage
of the liquid Sn islands during isothermal
solidification.

However, if a second intermetallic phase is intro-
duced to change the microstructure or fill the pores, it
is believed that these defects will be effectively
eliminated. Two modified methods were proposed to
prevent pore formation in TLP joints. In the first one,
the bottom Ag-plated substrate was substituted by a
pure Cu rod to produce dual layers of dissimilar
IMCs, as depicted in Fig. 2a. In the other one, a thin
Cu film with thickness being varied among 0.5, 1.5,
and 3.0 pm was electroplated on the upper Ag-plated
substrate, so as to bring Cu-Sn IMCs in the Ag;Sn
layer, as depicted in Fig. 2b. After cleaning, the
sandwich samples fabricated by the modified meth-
ods were placed into a resistance furnace.

The joining experiment was carried out in air
atmosphere. The bonding pressure of 0.3 MPa was
applied by the weight of stainless steel block. A
heating rate of 10 °C/min was selected but a slow
cooling rate of approximately 2-3 °C/min was
employed. The bonding temperatures were among
250, 300, and 350 °C. The bonding time was deter-
mined by the thickness of the interlayer, within the
range of 60-420 min. After finishing the TLP pro-
cesses, the bonded samples were mounted in epoxy
resin, then successively ground by 240, 600, 1000,
1500, and 2000 grade SiC papers, and eventually
polished using diamond polishing agents. The
microstructures were investigated by optical micro-
scopy, scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), and electron
probe microanalysis (EPMA). In order to evaluate the
mechanical properties of the TLP joints produced by
the modified approaches, shear test was conducted
on a Gleeble 1500D thermal simulated test machine
with a shear rate of 2 mm/min. At least five
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Figure 2 Schematic of the sandwich samples for bonding
process. a Replacing Ag-plated substrate on one side with Cu
substrate and b coating a thin Cu film on the Ag-plated substrate.

specimens were adopted to determine the shear
strength under the same testing condition.

Results and discussion

Defect elimination through Cu/Sn/Ag TLP
bonding

TLP bonding on the Cu/Sn/Ag sandwich samples
was performed at different temperatures, and the
microstructures were observed under SEM. In a
previous study, we demonstrated that no ternary
alloy phases were generated in the Cu/Sn/Ag TLP
joints when the bonding temperatures were lower
than 350 °C [22], and another study obtained similar
conclusions [23]. Based on the binary phase diagrams
of Cu-Sn and Ag-Sn systems [24] and the backscat-
tered electron images, the corresponding layers of
IMCs were labeled as AgzSn, {-phase, CugSns, and
CusSn, as shown in Fig. 3. The images demonstrate
that all of the Cu/Sn/Ag bonded samples obtained at
different temperatures contained many fewer micro-
pores than the Ag/Sn/Ag TLP joints.

In the 250 °C bonded sample, a few pores
remained along the CueSns/AgzSn interface after
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Figure 3 Cross-sectional microstructures of the Cu/Sn/Ag TLP joints formed at a 250 °C for 240 min, b 250 °C for 420 min, ¢ 300 °C
for 90 min, d 300 °C for 420 min, and e 350 °C for 60 min and f magnification of the area marked by arrow marks.

processing for a short period of time (Fig. 3a); they
were particularly concentrated adjacent to the side of
the AgszSn layer and between neighboring AgsSn
grains. However, no pores remained in the joint
when the bonding time was prolonged to 420 min
(Fig. 3b), although the microstructure was otherwise
similar to that produced by the TLP process with a
bonding time of over 240 min. A wave-shaped
interface emerged between the Cu¢Sns and Ag;Sn
layers, becoming more planar with relatively long
homogenization. This phenomenon indicates that
interface migration occurred between the CueSns and
Ags5n layers, leading to the elimination of pores.

In the samples bonded at 300 °C, a significant
reduction in defect size and quantity was observed in
the joint after bonding for 90 min (Fig. 3c). However,
pores no longer appeared when the bonding time
increased to 420 min (Fig. 3d), and the CugSns com-
pletely transformed into CusSn IMCs. Interestingly,
the wave-shaped interface between the CusSns and
AgsSn layers was converted into a nearly planar
CusSn/AgsSn interface during this process. This

finding reveals that interface migration might have
taken place as scalloped Cu¢Sns evolved into
columnar CuzSn grains (the morphology of CusSn
grain is described in previous studies [4, 25]).

When bonding occurred at 350 °C, no noticeable
pores were observed at the CueSns/AgsSn interface,
and the wave shape of the CusSns/Ags;Sn interface
approximated a zigzag pattern (Fig. 3e). Further-
more, many bright microparticles, identified as Ags.
Sn by EDS analysis (atomic percentage of
Cu:Ag:Sn = 6.92:70.15:22.93 for the arrowed A), were
distributed along the CusSns/CusSn interface. In fact,
the amplified SEM image indicates that these Ag;Sn
particles were closer to the CusSn layer but not in the
CueSns layer (Fig. 3f). The Ag atoms appeared to
diffuse along the grooves between two neighboring
CueSns grains at early stages, reaching the CugSns/
CusSn interface at a relatively higher bonding tem-
perature. Additionally, Sn atoms diffused rapidly
across the CugSns scallops, even more quickly than
Cu atoms [26]. In this way, AgszSn grains nucleated
and coarsened at the interface, resulting in the
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formation of microparticles. However, the CugSns/
CusSn interface migrated toward the CugSns layer
due to phase transition from CugSns to CusSn,
seemingly “entrapping” Ag;Sn particles in the CuzSn
layer. In addition, some sharp Ags;Sn corners fell in
the CueSns grain boundaries (Fig. 3f), where pores
theoretically should have been more inclined to form.
However, no defects were found at the top of the
sharp AgsSn corners, suggesting rapid interface
migration at higher temperatures.

The above analysis suggests that the elimination of
pores in this method can be attributed to two factors.
On the one hand, the formation of Cu-Sn IMCs on
the opposite side of the Ags;Sn layer changes the joint
microstructure, significantly reducing the size and
quantity of pores after full consumption of Sn, as
shown in Fig. 3a, c. On the other hand, interface
migration between Cu-Sn IMCs and Ags;Sn layers
occurs during homogenization, further eliminating
pores in the joint, as shown in Fig. 3b, d.

However, questions remain as to why the interface
of dissimilar IMCs migrates, or why wave-shaped
interfaces become more planar during homogeniza-
tion. The Gibbs free energy of the interface provides
answers, and it can be found as follows:

G = oA, (1)

where ¢ is the interface energy of the IMCs, which is
equal to the interface tension in numerical value [27],
and A is the area of the interface. If Agz5n and Cu-5n
IMC grains could merge and ripen into a new, larger
grain of ternary alloy phase across the entire joint,
like in the Cu/Sn/Cu TLP reaction [4], a reduction in
Gibbs free energy would be achieved by the phase
transition. However, this is not possible, because the
independent interface always exists. Therefore, the
change in interface curvature is the force that lowers
the Gibbs free energy. In Eq. 1, when the value of
A reaches its minimum, the Gibbs free energy of the
interface is at its lowest point. Therefore, the wave-
shaped interface of dissimilar IMCs inevitably
becomes more planar in order to reduce the interface
area in the subsequent homogenization.

Based on the previous studies [28, 29], this study
proposes that the driving force is the interface cur-
vature. The migration rate of the interface movement
can be described as follows [28]:

M= i, 2)
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where p is the driving force related to the interface
curvature, b is the interface displacement associated
with the thermally activated hopping of single atoms,
v is the Debye frequency, AG is the difference in free
energies between the atoms in the two IMCs, T is the
temperature, k is the Boltzmann constant, and Q is the
volume associated with the hopping atom. According
to this equation, the migration rate increases with the
increase in interface curvature (p) and bonding tem-
perature (T). This can be used to explain the
remarkable decrease in pores at higher temperatures,
especially in terms of the abnormal phenomenon
depicted in Fig. 3f.

The method by which interface migration proceeds
is another point of interest. Figure 4 shows the ele-
mental distributions of Cu, Sn, and Ag in the Cu/Sn/
Ag TLP joint, in which a few CueSns islands
remained between the Ags;Sn and CuzSn layers. A
noticeable boundary exists in the Cu and Ag ele-
mental distribution, and no Cu or Ag atoms can be
detected on the sides of the AgszSn or Cu-Sn IMC
layers. In other words, no significant interdiffusions
occurred between the Ag;Sn and Cu-Sn IMC layers.
Therefore, we suggest that self-diffusions on both
sides of the interface of dissimilar IMCs were pri-
marily responsible for controlling the interface
migration and filling the pores.

Some typical cross-sections of the Cu/Sn/Ag TLP
joint were treated by ion-beam milling in order to
observe clearly the dissimilar IMC interfaces, as
shown in Fig. 5. Interestingly, the wave-shaped Cus.
Sns/AgsSn interface presents a smooth morphology,
while the planar CusSn/Ags;Sn interface exhibits
relatively rough features. We attribute this difference
to the morphological characterizations of the CueSns
and CusSn grains, which take the forms of scalloped
and columnar crystals, respectively [4], and may
affect the cohesion strength of the interface. In fact,
the different grain morphologies probably affect the
combination pattern between Ag;Sn and Cu-5n
IMCs, and the facets of the CuzSn grains may induce
the formation of the planar CuzSn/Ags5Sn interface.

Defect elimination through Ag(Cu)/Sn/Ag
TLP bonding

TLP bonding at different temperatures and various
time durations was carried out for samples in which
the Ag substrate was coated with a 1.5-pm-thick Cu
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Figure 4 EPMA mapping
images of the Cu/Sn/Ag TLP
joint formed at 300 °C for
300 min.
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Figure 5 Topographic characterizations of the a, b CusSns/Ag;Sn interface and ¢, d Cu;Sn/Ag;Sn interface.

film. The joint produced by bonding at 300 °C for
90 min (Fig. 6a) contained many spherical and
irregularly shaped particles that were dispersed in
the middle of the AgsSn layer and filled micropores.
EDS analysis identified these embedded particles as

Cu-5Sn IMCs (atomic percentage of Cu:Sn = 63.54:36.46
for the arrowed B). Figure 6b clearly shows a typical
IMC particle, which is primarily composed of a large-
sized CueSn; core (light area) partially covered by a thin
CusSn shell (dark area). We propose that this structure
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Figure 6 Cross-sectional microstructures of the Ag(Cu)/Sn/Ag TLP joints formed at a 300 °C for 90 min, b magnification of the area
marked with the black arrow mark, ¢ 250 °C for 240 min, and d 350 °C for 60 min, where the thickness of the Cu film is 1.5 pm.

resulted from the formation of an ultra-thin CusSn layer
between the Cu film and CugSns scallops during a Cu/
Sn solid-liquid reaction, followed by the detachment of
the Cu-Sn IMCs from the Ag-plated substrate after the
total consumption of the Cu film.

The microstructures of the joints formed at 250 °C
(Fig. 6¢) and 350 °C (Fig. 6d) are quite similar.
However, only CueSns IMCs were identified in the
250 °C bonded sample, while a thicker CuzSn shell
was detected in the 350 °C bonded sample. This
phenomenon may be attributed to the higher growth
rate of CuzSn IMCs at higher bonding temperatures.
Even so, the different particle sizes and shapes can
perfectly fill the micropores in the different bonded
samples. Therefore, we propose that the elimination
of pores in this method generally depends on the
quantity of second-phase particles, but not their sizes
or shapes, because this study detected no abnormal
growth of Cu-Sn IMC particles.

This study also investigated the influence of the
thickness of the Cu film on the microstructure under
bonding at 300 °C for 90 min. In the 0.5-pm-thick Cu
film bonded sample (Fig. 7a), only a small amount of
CueSns particles formed, insufficient to fill the pores
completely, such that many pores remained along the
Ags5n grain boundaries. However, when the Cu film
was very thick, about 3.0 um (Fig. 7b), continuously
layered CueSns IMCs appeared between two differ-
ent AgsSn layers, accompanied by the disappearance
of pores. Therefore, we can conclude that the Ag-Sn
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TLP process cannot fully eliminate pores in the
presence of an excessively thin layer of Cu film, while
layered CueSns will always maintain its band-like
distribution instead of a typical particle dispersion in
a process with an excessively thick Cu film.

Figure 7c, d shows the morphologies of CusSns
particles alongside the Ags;Sn scallops, in which the
residual Sn was slightly etched. The AgsSn layer on
the upper Ag substrate is remarkably thinner than
that on the bottom Ag substrate, due to the buffer
effect of the Cu film in the Ag/Sn early-stage reac-
tion. The CueSns particles are not only located in the
residual Sn, but are also attached to the Ags;Sn grains.
In addition, some CusSns particles began to detach
from the AgsSn layer at this time, as highlighted by
the arrows, where the root of the CusSns grains
necked down. Since no more Cu flux could be sup-
plied, the AgsSn grains pushed them toward the
centerline of the liquid phase. Moreover, the number
of CueSns particles significantly increased as the Cu
film thickness increased from 0.5 to 1.5 um. These
results indicate that the thickness of the Cu film plays
a very important role in the elimination of pores in
this method.

The formation of CueSns particles may affect the
growth kinetics of the AgzSn layer [30], but it cannot
change the scalloped shape of the Ag;Sn grains.
Other studies proposed that the filling effect of Cus.
Sns particles on the micropores mainly governs the
elimination of pores in this method [30, 31]. In this
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Figure 7 Cross-sectional microstructures of the Ag(Cu)/Sn/Ag TLP joints formed at 300 °C for 90 min with a 0.5-um and b 3.0-um Cu

film, and at 300 °C for 5 min with ¢ 0.5-um and d 1.5-pm Cu film.

study, a critical thickness of Cu film was proposed
to establish different reaction models for Ag(Cu)/
Sn/Ag TLP bonding with different distribution
shapes of Cu-Sn IMCs. In detail, if the thickness of
Cu film is less than the critical value (Fig. 8a), the
thin Cu film rapidly transforms into CueSns parti-
cles, which dissolve into molten Sn within a short
period of time; as the reaction continues, the CugSns
particles are pushed toward the centerline of the
liquid phase by the growing Ags;Sn scallops, until
they finally disperse in the middle of the Ags;Sn
layer. However, if the thickness of the Cu film is
greater than the critical value (Fig. 8b), scalloped
CueSns grains grow directly on the Cu film, thick-
ening along the normal direction of the substrate
until the Cu¢Sns layer impinges on the opposite
Ags5n layer; pores can be eliminated by interface
migration during the homogenization process, like
in the Cu/Sn/Ag reaction, and the Cu film may or
may not remain. If liquid still remains after the Cu
film is fully consumed, AgzSn is probably generated
between the CueSns layer and the Ag substrate
coated with Cu film, because Sn atoms can diffuse
across the CugSns layer and react with Ag. This
process is shown in Fig. 7b.

We propose that the critical thickness of the Cu
film is related to its dissolution in liquid Sn, in par-
ticular during the early solid-liquid reaction stage. In
fact, the dissolution process of the material can be
expressed by Dybkov’s equation [32]:

C—kics-0), 3
where k is the dissolution rate constant, S is the sur-
face area of the substrate contacting with the molten
solder, V is the volume of the molten solder, Cs is the
equilibrium concentration of the substrate element in
the molten solder (solubility), and C is the concen-
tration of the substrate element at time ¢. The value of
Cs can be obtained from the equilibrium phase dia-
gram, and it is a constant for a given temperature. As
Eq. 3 indicates, the dissolution rate of Cu film mainly
depends on the real-time concentration of Cu atoms
in liquid Sn (C). However, the value of C is variable
because of the Cu/Sn reaction, creating a dynamic
process of Cu film dissolution. Otherwise, if we
consider the dissolution as a static process, we obtain
the following calculation:

.C
tCu:( Psnts 4)

—t ,
1—-Cs)pcu S

where pc, and ps, are the densities of Cu and Sn, at 8.9
and 7.28 g/cm?, respectively; ts, is the thickness of Sn
foil, at 10 pm; and the maximum solubility of Cu in
molten Sn (Cg) is adopted as a reference, for example
2.9% at 300 °C [24]. Only 0.24-pm-thick Cu film could
be compatible with this equation, far less than the
value of 1.5 pm used in our study. This value is also
not in agreement with Yoon et al. [33], who used an Ag
layer approximately 4 pum thick; in their study, the Ag
film completely dissolved in the molten SAC solder at
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Figure 8 Reaction models of
the Ag(Cu)/Sn/Ag TLP
process determined by the
thickness of the actually
coated Cu film. a Less than
and b greater than the critical
thickness of the Cu film.

totally dissolve into molten Sn
" “
Cu —
. Sn BI .

I: Scalloped CugSn; grains form on the thicker
Cu film, and grow toward the liquid phase

Figure 9 Growth model of
the CueSns grains in early
Ag(Cu)/Sn reaction. Case A
indicates that the thickness of
the Cu film is less than the
critical thickness, while that in Cu6sn5
case B is greater than the
critical thickness.

the Cu film

250 °C for 60 s. Therefore, the dynamic process caused
by the variable C must be taken into consideration in
order to estimate the critical thickness.

Building on the initial growth process of CugSns
grains [34], we developed a schematic model of the
early Ag(Cu)/Sn reaction in order to determine the
critical thickness, as illustrated in Fig. 9. This model
suggests that the critical thickness can be determined
based on the closed gaps between two neighboring
CugSns scallops. Specifically, the Cu film is totally
consumed just as most of the gaps between the Cug.
Sns grains close up. Therefore, the corresponding
thickness of the Cu film is the critical value. In case A,
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Ag

Ag

II: Ag;Sn grows and pushes CugSns particles
to the centerling to fill pores

II: CugSns layer contacts with the opposite Ag;Sn
and pores are disappeared by interface migration

Cu4Sng

case b
II: Gaps between CugSns scallops are

being closed

the Cu film thickness is less than the critical value; in
that situation, the Cu¢Sns grains neck down and
detach from the Ag-plated substrate due to the full
consumption of the Cu film and the nucleation of
Ags5n grains, creating the particle shape of the Cu-
Sn IMC distribution. The spalling of Cu6Sns grains is
consistently observed in the thin-film case reaction
after the Cu film is consumed [35]. In case B, the Cu
film thickness is greater than the critical value; the
amount of Cu film allows all gaps between two
neighboring CueSn;s grains to be closed, and Cu or Sn
atoms mainly diffuse along the grain boundaries to
continue the reaction.
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Mechanical properties of the modified TLP
joint

The elimination of pores can noticeably improve the
mechanical integrity and properties of TLP joints.
Figure 10 shows the shear strengths of Ag/Sn/Ag,
Cu/Sn/Ag, and Ag(Cu)/Sn/Ag TLP joints, where
“Cu/Sn/Ag-420" indicates that the corresponding
sample was bonded for 420 min. As the data
demonstrate, the shear strength values of “Cu/Sn/
Ag” are generally higher than those of “Ag/Sn/Ag”,
except for the sample bonded at 250 °C, because
some pores remain in the IMCs after short periods of
homogenization. However, the value for 250 °C
increases with prolonged bonding time and exceeds
that of “Ag/Sn/Ag”, a result that is in agreement
with the change in microstructure. Furthermore, the
shear strength of the Cu/Sn/Ag TLP joint produced
at 300 °C also increases with prolonged bonding
time, due to further reductions in pores and the
combination of CuzSn and AgsSn layers. This indi-
cates that the cohesion strength between CuzSn and
Ags5n is higher than that between CugSns and AgzSn.
The shear strengths of “Ag(Cu)/Sn/Ag” are higher
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than those of “Ag/Sn/Ag” joints, but slightly lower
than those of “Cu/Sn/Ag".

Figure 11 shows the detailed morphologies of
several typical fracture surfaces. For the Cu/Sn/Ag
TLP joint, cleavage steps of Ag;Sn (atomic percentage
of Ag:Sn = 75.36:24.64), smooth facets of CucSns
(atomic percentage of Cu:Sn = 53.12:46.88), and
rough rock candies of CuzSn (atomic percentage of
Cu:Sn = 74.49:25.51) occur simultaneously on the
Cu-side fracture surface (Fig. 11a). For the Ag(Cu)/
Sn/Ag TLP joint, both shear bands of Ags;Sn (atomic
percentage of Cu:Ag:Sn = 3.12:73.56:23.32) and brit-
tle Cu-Sn IMCs (atomic percentage of
Cu:Ag:Sn = 53.76:8.81:37.43) are detected by SEM
observation and EDS analysis (Fig. 11b). The
microstructures obtained by the two novel methods
are relatively compact according to the fracture sur-
faces, indicating that using the “Cu/Sn/Ag” or
“Ag(Cu)/Sn/Ag” modified sandwich to interconnect
the chips can indeed improve the mechanical
integrity.

In summary, the two novel methods have been
experimentally verified to solve the problem of pores

Figure 10 Variations in joint (a) 65 (b) 50
shear strengths with bonding 6ot —— égg:ﬁg = sl AgiSniAg
temperature, where the “Cu/ n“f 550 & CulSniAg-420 g —e— Ag(Cu)/SniAg
Sn/Ag-420” indicates that the S 50t I [ 2 40}
bonding time is prolonged to et ///’T ;g) 35
= A T - =
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Figure 11 Fracture surfaces of the different typical joints for a Cu/Sn/Ag bonded at 300 °C for 300 min and b Ag(Cu)/Sn/Ag bonded at

300 °C for 90 min.
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in Ag-Sn TLP bonding by the formation of Cu-Sn
IMCs. It is suggested that the introduction of dis-
similar IMCs can be helpful to other TLP systems as
well, such as Ni-Sn, but the second high-temperature
metal (e.g. Cu) must not react with the first high-
temperature metal (e.g. Ag) to form ternary alloy
phases. Chuang et al. [30] found that the formation of
Ags5Sn particles could eliminate micropores in Ni-Sn
IMCs during aging treatment. Similarly, Lis et al. [11]
found that dual layers of AgzSn and NizSny IMCs
could reduce the pore formation in Ni-Sn TLP joints.

Conclusions

This paper systematically investigates the elimination
of shrinkage pores in Ag-Sn TLP joints by the intro-
duction of Cu-5n intermetallic phases. The following
conclusions can be obtained:

(1) Replacing Ag substrate on one side with Cu
substrate to create dual layers of dissimilar
IMCs like CueSns/AgsSn can effectively elim-
inate shrinkage pores in the Ag-Sn TLP joints,
which is entirely attributed to the change of the
microstructure and the interface migration
occurring during homogenization. The inter-
face migration is driven by the interface curva-
ture between two dissimilar IMC layers,
strongly depending on bonding temperature.
As a result, the micro-topography of the wave-
shaped CueSns/AgsSn interface is extremely
“smooth”, while that of the planar CusSn/
Ags5n interface is quite “rough”.

(2) Coating a thin Cu film on the Ag substrate to
introduce the second phase of CusSns particles
can eliminate the shrinkage pores as well,
because these particles efficiently fill the micro-
pores distributing along Ags;Sn grain bound-
aries. A critical thickness of the Cu film was
proposed to determine the distribution shape of
CugSns IMCs: dispersive particles or continu-
ous layer. This critical value can be determined
by the required Cu film that allows most of the
gaps between neighboring CueSns grains to be
closed. In addition, the Cu film should not be
excessively thin (<0.5 pm), otherwise microp-
ores will remain in the IMC layer.

(3) Both novel methods have been experimentally
verified to improve the mechanical properties

@ Springer
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of TLP joints. Shear strength of “Cu/Sn/Ag”
was determined with a highest value of more
than 48 MPa, and that of “Ag (Cu)/Sn/Ag”
exceeded 40 MPa. They are greater than that of
“Ag/Sn/Ag” which is approximately 31 MPa.
The compact microstructures observed from
the fracture surfaces demonstrate the valid
elimination of pores by the introduction of
Cu-5n IMCs.
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