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Enhanced shear strength of Cu-Sn intermetallic
interconnects with interlocking dendrites

under fluxless electric current-assisted bonding
process
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Accepted: 4 October 2016 In this paper, the electric current density of 1.44 x 10* A cm™? was imposed to

Published online: assemble Cu/(30pm) Sn/Cu interconnection systems without flux at ambient

13 October 2016 temperature to fabricate Cu-Sn interconnects within 180 ms. From the three-
dimensional microstructural observation of interfacial intermetallic compounds

© Springer Science+Business (IMCs) at different bonding times, the rod-like CusSns formed at the initial stage

Media New York 2016 was changed into dendritic CueSns due to constitutional supercooling. When the
joule heat-induced temperature was increased above the melting point of Cug
Sns, the dendritic CugSns were melted and then totally converted into CusSn,
resulting in the formation of homogeneous CuzSn intermetallic joints. The
ultrarapid microstructure evolution of the interfacial IMCs was caused by
enhanced solid-liquid interdiffusion kinetics, which can be attributed to the
joule heating effect as well as the solid-liquid electromigration of Cu in molten
Sn with the passage of electric current. In addition, the mechanical analysis
shows that the microstructure changes of interfacial IMCs can strongly influence
the shear strength as well as the fracture mechanism of the resulted joints. The
dendritic network of Cu-Sn IMCs enhanced the shear strength of resulted joints
due to the interlocking effect, meanwhile, the homogeneous CusSn joint
exhibited the highest shear strength of 67.3 MPa.

Introduction electrical conduction, as well as mechanical strength

for electronic components [1-3]. Concurrently, with
During the soldering process in electronic packaging the increasingly shifting from two-dimensional to
technology, the formation of interfacial intermetallic three-dimensional (3D) integrated circuits in elec-
compounds (IMCs) between solder and under bump  tronic products, the diameter of solder bumps on 3D
metallization (UBM) is crucial to provide thermal and stacking chips is reducing from present 100 pm to
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anticipated 1 pm in future. However, the thickness of
the UBM remains almost the same as that in flip-chip
solder joints [4-6]. As a result, the volume proportion
of IMCs to the whole solder bumps is significantly
increased, and the solder would be even transformed
completely into intermetallic phases after multiple
stacking processes [7, 8]. Therefore, the reliability and
mechanical property of the miniaturized intercon-
nections are becoming more sensitive to the type,
morphology, and volume proportion of interfacial
IMCs [9-12].

The binary Cu-Sn system is one of the most com-
monly used metallurgical options for conventional
soldering processes of the interconnection in elec-
tronic packaging technology, because of its easy for-
mation of Cu-Sn IMCs such as CugSns and CuszSn
[13-15]. Recent studies for fabricating high-tempera-
ture stable Cu-Sn intermetallic interconnects have
indicated that CuzSn joint is a more promising can-
didate used in stacking chips and high-power elec-
tronics, because of its higher melting point, lower
electrical resistivity, and better mechanical property
compared to those of OSn-based solder joints
[4, 8, 16-18]. However, the formation of the thermo-
dynamically stable CusSn joint through conventional
solid-liquid interdiffusion (SLID) bonding or tran-
sient liquid phase (TLP) soldering process is highly
time-consuming [19-21]. The annealing time for
completely consuming the residual CueSns phases
and Sn solder are required even up to multiple hours,
which will seriously affect the reliability of the
packaging systems.

Many commercially reasonable efforts have been
made to shorten the bonding time for fabricating the
high-melting-point intermetallic interconnects by
means of increase in the bonding temperature [20], or
ultrasonic-assisted bonding process [16, 17, 22].
Under the elevated temperature or the sonochemical
effects of acoustic cavitation, the solid-liquid inter-
diffusion can be effectively promoted, resulting in the
rapid formation of IMCs. Recently, numerous electric
current stressing studies of Cu/molten Sn solder/Cu
interconnection system have been performed to
understand the diffusion behaviors of Cu in molten
Sn solder [23-27]. The solid Cu diffusion in molten Sn
or Sn-based solder can be significantly enhanced by
the electron wind force-induced solid-liquid electro-
migration (EM), implying a potential way to fabricate
full intermetallic joints rapidly. After the electric
effect-correlated metallurgy reaction, the interfacial

@ Springer

J Mater Sci (2017) 52:1943-1954

IMCs with various morphologies and compositions
were probably obtained, which is crucial to the
mechanical properties of resulted solder joints.

This study focused on the correlation between
microstructure and shear property of Cu-Sn inter-
connects, which were prepared by soldering Cu/Sn/
Cu sandwich structures with the assistance of electric
current at ambient temperature within several hun-
dred milliseconds (ms). The thermoelectric coupling
effect on the interfacial reaction of solid Cu/molten
Sn was investigated to understand the ultrafast for-
mation mechanism of interfacial IMCs.

Materials and methods
Sample preparation

Figure 1 shows the experimental setup of electric
current-assisted bonding process and the schematic
illustration of sandwiched Cu/Sn foil/Cu intercon-
nection system. Three pieces of 99.99 % pure Cu
plates with the thickness of 0.5 mm were utilized as
base metal substrates. The solder interlayers were
two pieces of 99.9 % pure Sn foils with the thickness
of 30 um. The Sn foils and the two upper Cu sub-
strates were cut into 2.5 x 2.5 mm? pieces, while the
other piece of Cu substrate was cut into a
10.0 x 2.5 mm? long strip as the lower substrate. The
Cu plates and Sn foils were cleaned with a similar
procedure in Ref. [19] prior to the bonding process.
After cleaning, the two pieces of Sn foils were sym-
metrically sandwiched between the Cu substrates
and placed on a flat SiO, substrate as shown in
Fig. 1b.

Electric current-assisted bonding process

As shown in Fig. 1a, the bonding process was per-
formed with the Unitek model HF25 inverter-type
DC power supply and two specially designed Cu—Cr
electrodes with the cross-sectional area of
2.0 x 2.0 mm?. The schematic illustration of bonding
current waveform is shown in Fig. 1b. The sand-
wiched interconnection systems were bonded at the
peak bonding current of 900 A for different times
(40-180 ms). The electron flow (labeled by “e™”)
entered the solder joint “A” from the cathode elec-
trode, passed through the lower Cu substrate and
solder joint “B,” and exited through the anode
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Figure 1 a Experimental setup of electric current-assisted bonding process; b schematic illustration of the Cu/Sn foil/Cu interconnection

system.

electrode. Thus, the current density flowing across
the 2.5 x 2.5 mm” Sn interlayer was calculated as
1.44 x 10* A cm™2 The pressure supplied by the
pneumatically actuated electrodes was 0.16 MPa.
Additionally, the real-time temperature of the inter-
connection system was monitored by an FLIR
A615 infrared thermal imaging camera with the
emissivity of 0.65. The temperature data were
acquired at a rate of 200 frames/s. After the bonding
process, two symmetrical solder joints (“A” and “B”)
were obtained.

Characterization and shear test

After bonding for different times, one group of
samples were carefully ground and polished to the
cross-sectional direction. The microstructural evolu-
tion was examined by scanning electron microscopy

|
>

(a)

(b)

Shear probe

(SEM). The composition of the Cu-Sn intermetallic
phases was identified by energy dispersive X-ray
spectroscopy (EDXS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM). A dual
beam focused ion beam (FIB, FEI Helios Nanolab
600i) was utilized to prepare the TEM specimens. The
other group of samples with the same bonding time
was prepared for shear tests. As shown in Fig. 2a, b,
the shear tests were implemented at room tempera-
ture with the shear speed of 200 pm/s using a
bonding tester (Condor Sigma Lite, XYZTEC). The
fracture morphologies were characterized by SEM
and EDXS (Fig. 2c). Then, the polished and fractured
samples were immersed into a selective etching
solution (15 mL vol% HCl 4+ 85 mL deionized
water + 5 g FeCly) for a certain period of time
(3-12 s) to remove the unreacted Sn solder. After the
deep-etching procedures, the 3D morphologies of
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Figure 2 a and b are the experimental setup and schematic illustration of the shear test, respectively; c is the following characterization

procedure.
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Cu-5n IMCs can be observed in different directions
(longitudinal, transverse, and vertical directions) by
using SEM. As shown in Fig. 2c, the top-view can be
observed form the longitudinal direction after deep
etching the fractured samples. Moreover, the side-
view morphologies of unbroken CusSns grains were
observed from the transverse and vertical directions
for the deep-etched samples.

Results
Sharply increased bonding temperature

Figure 3 shows the overall temperature profiles of the
solder joint “A” and “B” during the electric current-
assisted bonding process for 180 ms and the subse-
quent air cooling procedure. Due to the symmetrical
configurations of the interconnection system, the two
solder joints had similar temperature profiles. With
the onset of the electric current-assisted bonding
procedure, the joule heat-induced temperature
increased sharply to 232 °C (the Sn melting point)
within 40 ms, and then reached the peak temperature
of 454 °C (above the melting point of CusSns, 415 °C)
at 150 ms. Thus, the Sn interlayers were certainly
melted during the bonding process. After different
durations of metallurgical reaction between solid Cu
and liquid Sn solder, the as-fabricated solder joints
with different microstructures were anticipated.

The initial sharp increase in temperature was
attributed to the joule heat generation with the pas-
sage of electric current. The heat generation (Q) can
be mathematically described as [28]

Q = 12 (RContact + RCu + RSn + REleCtrode)tv (1)

where I is the bonding current and ¢ is the duration of
the current application. The resistances include the
contact resistance (Rcontact) at the faying interfaces of
electrode/Cu and Cu/Sn; and the bulk resistances of
the Cu plates (Rc,), the Sn foils (Rs,), and the elec-
trodes (Rgjectrode)- The initial static resistance was
measured using a digital micro-ohmmeter (ZY9987,
Shanghai Zhengyang Instrument) before the bonding
current was initiated but after the bonding pressure
was applied. The average value of initial static
resistances was measured as 11.67 mQ. Meanwhile,
the electrical resistivities of Cu, Sn, and electrode
material (Cu-Cr alloy) were 1.7, 11.5, and 2.16 pQ cm,
respectively. The bulk resistance of Rcy, Rsn and
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RElectrode can be theoretically calculated as 0.126,
0.008, and 0.001 mQ, respectively. Thus, the majority
of the initial static resistance was the contact resis-
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Figure 3 Overall temperature profiles of solder joint A and
B during the electric current-assisted bonding process and
subsequent air cooling.

tance (Rcontact), Which was consistent with the mea-
surement in small-scale resistance spot welding of
thin Ni sheets [29]. Based on Eq. (1), it is reasonable
to consider that the joule heat generation was mainly
caused by the larger contact resistances (Rcontact) at
the initial stage of electric current-assisted bonding
process. Besides, no flux was utilized during the
bonding process. With the passage of strong electric
current, spark plasma was probably generated at the
faying Cu/Sn interfaces to remove the surface oxide
layer [30, 31]. Meanwhile, as pointed out by Gu et al.
[24], the applied electric current can enhance the
wetting behavior of molten Sn on Cu substrates.

Microstructure evolution

For conveniently describing the current polarity, only
solder joint “A” was analyzed since the structures of
solder joint “A” and “B” were symmetric in the
assemble interconnection system. Figure 4 shows the
SEM images and XRD analyses of the sample after
bonding for 40 ms. XRD results, as shown in Fig. 4c,
indicated that #-CugsSns phases were formed both at
the cathode and anode Cu interfaces. As shown in
Fig. 4a, two thin layers of CusSns compounds formed
and adhered well on the Cu substrates. The top-view
SEM images in Fig. 4b further show that the 3D
morphologies of CugSns grains at anode and cathode
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Figure 4 a Cross-sectional
SEM image of the solder joint
after bonding for 40 ms;

b top-view SEM images of
CueSns grains on the anode
and cathode Cu substrates;

¢ XRD analysis of the
consisting phases in the solder
joint.

Cu substrates are both in short rod-like shape.
Moreover, the average grain size of CusSns at cathode
substrate is slightly larger compared to that at anode
Cu substrate.

Figure 5 shows the cross-sectional SEM images and
the corresponding element distribution maps of the
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samples bonded for 60-120 ms. After 60 ms, the joule
heat-induced temperature reached 317 °C, resulting
in severer interfacial reactions between solid Cu and
molten Sn. The cross-sectional SEM images in Fig. 5a
show that the morphology of CusSns seems to be
changed into “long rod-like” shape, and randomly

Figure 5 Cross-sectional SEM images and corresponding element distribution maps of the solder joint after bonding for a 60 ms,

b 90 ms, and ¢ 120 ms.
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Figure 6 Top-view morphologies of CugSns grains for different bonding times: a cathode, 60 ms; b cathode, 90 ms; ¢ cathode, 120 ms;

d anode, 60 ms; e anode, 90 ms; f anode, 120 ms.

elongated to the Sn solder matrix. After 90 ms, the
size as well as the amount of CueSns grains were
both increased (Fig. 5b). The arrangement of these
elongated CugSns grains became more regular, and
were almost paralleled with the direction of the
downward electron flow. With the bonding time
increasing to 120 ms, the Cu¢Sns compounds grew
into dendritic shape, and even elongated across the
Sn solder interlayer (Fig. 5¢).

Figure 6 presents the top-view morphologies of
CueSns grains on cathode and anode Cu substrates
after 60-120 ms. At the same bonding times, the
CugSns morphologies at the cathode and anode sides
were similar with each other; however, the number of
CueSns grains shows a noticeable difference. The
amount of CueSns grains at cathode was larger
compared to that at anode, indicating that the solid-
liquid EM of Cu played a significant role in the
growth of Cu¢Sns at cathode side. Moreover, the
CueSns morphologies were quite different with the
bonding times. As shown in Fig. 6a, d, the actual
morphology of CugSns grains after 60 ms was in
platy shape instead of “long rod-like” type. The
dimension of the platy CueSns increased with the
bonding time. After 90 ms, small and dense
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protuberances were observed on the surface of platy
CueSns grains (Fig. 6b, e). As the bonding time
increased to 120 ms, the dendritic CusSns grains with
hierarchical structure of primary- and secondary-
branches were formed (Fig. 6c, f).

With the electric current-assisted bonding time
further increasing to 150 ms, the bonding tempera-
ture induced by joule heat was increased to 454 °C,
meaning that the dendritic CugSns initially formed
at the heating up stage (~120 ms) would be mel-
ted. Meanwhile, under current stressing, the disso-
lution of Cu substrates was further enhanced at
higher temperature. As a result, the phase compo-
sition as well as the morphology of Cu-Sn IMCs
would be changed dynamically. As shown in
Fig. 7a, after 150 ms, the Sn solder was completely
consumed, and the CuzSn + CugSns intermetallic
joint was formed. Based on the EDXS results, the
IMCs interlayer was mainly composed of CuzSn
dendrites (gray region) interspersed with small-
grained CueSns particles (brighter region). Addi-
tionally, a few voids were formed at the Cu/CuzSn
interfaces, which was attributed to the unbalanced
diffusion flux of Sn and Cu across CuzSn layer
[32-34].



] Mater Sci (2017) 52:1943-1954 '

Cu/Ancde]

SN

1949

Figure 7 a Cus3Sn + CugSns intermetallic joint obtained after 150 ms; b Cu;Sn joint obtained after 180 ms; ¢ TEM image at the

rectangular region in (b), and the typical diffraction pattern of Cu;Sn.

When the bonding time extended to 180 ms, the
small-grained CueSn;s particles were totally converted
into CuzSn, and then the homogeneous CusSn joint
was obtained, as shown in Fig. 7b. Figure 7c shows
the TEM image and the selected area electron
diffraction pattern of Cu;Sn, which was verified by
the basic orthorhombic lattice with the dimension of
a = 04772 nm, b =0.5514 nm, and c¢ = 0.4335 nm
[35]. Under the electric current-assisted bonding
process, the time for forming the homogeneous Cus.
Sn joint was approximately 20 times shorter com-
pared to that under ultrasonic bonding process
[16, 17], and was about 5 orders of magnitude faster
compared to that under conventional TLP bonding
process in previous studies [4, 19, 21]. This ultrafast
formation of CuszSn joint was mainly caused by
enhanced solid-liquid interdiffusion kinetics, which
can be attributed to the joule heating effect as well as
the solid-liquid EM of Cu in molten Sn with the
passage of electric current.

Shear property

Within 60 ms, the solder joints were mainly com-
posed of residual Sn solder, which were termed as
Sn-based solder joints. In the time range of
90-120 ms, the as-fabricated solder joints were com-
posed primarily of dendritic CugSns, named as Cug
Sns-based solder joints. After 150 ms, the solder joints
were completely transformed into CuzSn-based
intermetallic joints. The shear tests were conducted
for the samples bonded for 40, 60, 90, 120, 150, and
180 ms.

In general, the shear strengths were increased with
the bonding times, as shown in Fig. 8. After 120 ms,
the CugSns-based solder joint with dendritic CugSns
exhibited a robust mechanical property of 52.9 MPa.
Meanwhile, the shear strength of the homogeneous
CusSn joint obtained after 180 ms reached the maxi-
mum value of 67.3 MPa, which was approximately
200 % higher compared to that of Sn-based solder
joint obtained after 40 ms. Therefore, it can be rea-
sonably concluded that the morphology, composi-
tion, and proportion of the Cu-Sn IMCs can
significantly affect the shear performances of the
solder joints. The shear strengths were substantially
increased with the volume fraction of Cu-Sn IMCs in
the resulted solder joints. This similar conclusion has
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Figure 8 The shear strengths of the as-fabricated joints after
different bonding times.
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also been systematically reported by Choudhury
et al. in Sn-based solder bumps by the means of
numerical simulation and experimental analysis
[9, 11].

Discussion

Dendritic Cu-Sn IMCs formation
under constitutional supercooling

Under the conventional soldering process, the mor-
phology of interfacial CugSns was usually in scallop-
type, which can be explained by the ripening reaction
[36]. Meanwhile, the columnar CuzSn grains with
layer type were formed by consuming CueSns phase
[19, 21, 37, 38]. However, the formation of dendritic
CueSns and CuzSn grains during the electric current-
assisted bonding process indicated that the nucle-
ation and growth behaviors of Cu-Sn IMCs were
significantly different from the cases of wetting on
the Cu surface under the conventional soldering
process. Numerous experimental and theoretical
studies of crystal growth from alloy melt have indi-
cated that the redistribution of solute atoms during
solidification can cause constitutional supercooling of
the melt ahead of an advancing solidification front
[39, 40]. The constitutional supercooling would result
in a morphological instability of the solid-liquid
interface and therefore leads to the formation of
dendritic microstructures [41]. The requirement for
forming dendrites under constitutional supercooling
can be expressed as [42, 43]

% <mC0(1 — ko)/Dko, (2)

where R is the rate of solidification, G is the tem-
perature gradient, ko is the solute distribution coeffi-
cient, D is the diffusion coefficient, m is the slope of
the liquids, and Cy is the overall solute concentration.
Based on Eq. 2, the increase in solute concentration
(Cop) or cooling rate (R) can both increase the degree of
constitutional supercooling. Recently, Xian et al
reported formation of dendritic CusSns in Sn-4 wt%
Cu alloy melt under the cooling rate of 1.7 °C/s,
which resulted from the high degree of constitutional
supercooling in the liquid ahead of solid CueSns
fronts [44].

In this work, the passage of electric current sig-
nificantly accelerated the dissolution of Cu substrate
under the driving force of solid-liquid EM, leading to
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the increase of the Cu solute concentration in molten
Sn solder. As approximately 14.3-um thick CugSns
layer was formed after 120 ms, the Cu mass percent
in the solder interlayer can be estimated as 17.5 wt%.
It was noted that the Cu solute concentration was
consistently increased with the bonding times until
the solder interlayer was totally transformed into
CusSn. On the other hand, the cooling rate of the
bonding system was very high (approximately
880 °C/s) because of the good thermal conductivities
of Cu, Sn, and electrode material. Since the Cu solute
concentration as well as the cooling rate in the molten
Sn solder alloy were larger compared to those in
Xian's work, the higher degree of constitutional
supercooling generated the liquid ahead of solid Cn-
Sn IMC:s front. This was the reason for the formation
of dendritic Cu-Sn IMCs during the electric current-
assisted bonding process.

Enhanced shear strength due
to interlocking intermetallic dendrites

In an attempt to explain the enhanced shear strength
with bonding times, the typically fractographic
morphologies at cathode sides of the Sn-based solder
joint (60 ms), CugSns-based solder joint (120 ms), and
CuzSn joint (180 ms) were observed as shown in
Fig. 9a—c, respectively. For the Sn-based solder joint,
the fractures mainly occurred at the rode-like Cu,
Sns/Sn interfaces, which can be both observed at the
cathode and anode sides. Figure 9a shows the frac-
tographic morphology of the Sn-based solder joint
was in the dimple-like type, which was a mixture
fracture mode of brittleness and ductibility [45]. It can
be seen that the bottom dimple consisted of broken
protruding CueSns tips, and its sides were sur-
rounded by Sn solder. The dimple-like fracture
mechanism at CugSns/solder interfaces has been
reported by Pang et al. [46], which was attributed to
the phase transformation-induced stress and high
concentrated stress in the CugSns layer.

As shown in Fig. 9b, the facture mode for the
CugSns-based solder joint was still in mixture type.
The dendritic CugSns grains obtained by the electric
current-assisted bonding process was usually with a
hierarchical structure of primary- and secondary-
branches, as clearly shown in Fig. 10. The side-view
morphologies of CueSns, as shown in Fig. 10a, b,
were obtained from the polished and fractured
samples after deep-etching procedure, respectively.
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Figure 9 SEM images of the fracture surfaces at cathode side with the times of a 60 ms, b 120 ms, and d 180 ms.

In the Cug¢Sns-based solder joint, the CueSns pri-
mary-branch with protruding tips was almost per-
pendicular to the Cu substrates and extended into
the Sn solder matrix. Under the horizontal shear
loads, a crack began in the waist of the primary-
branch tips and then propagated into the adjacent Sn
solder, as shown in Fig. 10c. Moreover, as reported
by Man et al. [47, 48], the network of dendritic
CueSns grains can provide extra surface area and
locking mechanism for adhesion joints, leading to
the increase in the joint strength. Thus, the dendritic
CueSns grains with densely hierarchical structure in
the CueSns-based solder joint contributed to higher
shear strength compared to the Sn-based solder joint

Figure 10 a and b are the
side-view SEM images of
dendritic CugSns grains in the
deep-etched samples after
120 ms; c is the schematic
diagram of the facture mode
for the CugSns-based solder
joint.

with rod-like CueSns. With the bonding time con-
tinuing to increase above 150 ms, the facture mode
for the CuzSn-based joint was transformed into
brittle type. As shown in Fig. 9c¢, for the Cuz5n joint
after bonded for 180 ms, a crack occurred initially
within the interior of the CusSn layer, and finally
resulted in the formation of transgranular fractog-
raphy. From the metallurgical point of view, when
one Sn atom reacted with three Cu atoms to form the
CusSn compounds, the volume reduction of 8.2 %
was generated [49, 50]. The phase transformation-
induced stress can thus be accumulated in the brittle
CusSn compounds, resulting in the transgranular
fracture within the Cu3Sn layer.

Cu/Cathodel
AT ;gv s

Cu/Anode
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Conclusions

In this paper, the microstructural and mechanical
analyses of Cu-5Sn intermetallic interconnects, which
were prepared by soldering Cu/Sn/Cu sandwich
structures with the assistance of electric current at
ambient temperature within 180 ms, are summarized
below:

(1) At the initial stage, the joule heat generated at
the faying interfaces served as the main heating
source to melt the solid Sn solder interlayer.
Under the imposed current density of
1.44 x 10* A cm™2, the Sn-based solder joint
with rod-like CugSns was formed after 40 ms.

(2) The joule heat-induced temperature coupled
with the driving force of solid-liquid electro-
migration were both increased with the bond-
ing times, resulting in more Cu atoms being
dissolved into molten Sn solder. After 120 ms,
masses of dendritic CugSns grains were formed
due to constitutional supercooling effect.

(3) With the joule heat-induced temperature
increased above the melting point of CusSns,
the dendritic CueSns were melted and totally
transformed into CuzSn, leading to the forma-
tion of homogeneous CuzSn intermetallic joint
after 180 ms.

(4) Due to the locking mechanism of CugSns
dendritic network, the shear strength of the
resulted solder joints was increased with the
bonding times. Meanwhile, the homogeneous
Cu3Sn joint exhibited the highest shear strength
of 67.3 MPa.
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