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Abstract

The flip-chip solder joint has become one of the most important technologies of high-density
packaging in the microelectronics industry. But, electromigration has become a critical reliability
issue in flip-chip technology. Because the dimensions of solder joints are expected to decrease and

current density is expected to increase.

This study is about electromigration of flip-chip solder joints, we evaluated many kinds of solder balls
such as SnAgCu, SnCu and so on in flip chip package. The lifetime against electromigration was
defined the fail from the value of resistance with electric current reaches 1.5 times of that of initial

resistance with electric current for.

In solder bumps with electric current, since the atoms composed of the solder bump and UBM move in
the direction of electron flows, the IMC was accumulated on the anode side. Meanwhile, the IMC
disappeared in the cathode side, and the voids were formed. In the solder bumps without electric

current, the IMC gradually grew on both sides.

SnAgCu had better lifetime than SnCu, and different time-to-failure caused by different
crystallographic orientation of Sn. And various dopants in SnCu had a different EM lifetime each

other.
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1. Introduction

Electromigration is the transport of material
caused by the gradual movement of the ions in a
conductor due to the momentum transfer between
conducting electrons and diffusing metal atoms.

According to recent report from Tu, [1] when current

density of flip-chip package reaches more than
10°A/cm?, the metal atoms of UBM (under bump
metallization) into the solder at the cathode,
observation for significant movement of metal atoms
such as IMC growth at the anode. As a result of these
things, the micro voids were formed at the cathode
and hillock also was formed at the anode. It is caused
poor realiability for a solder joints by micro voids
and hillock. The Flip-chip solder joint at the cathode,
we found a fast, an asymmetrical, a localized
dissolution of Cu.[2] Under a current density of 10° ~
10° A/lcm?, IMC thickness from Sn/Ni, Sn/Ag, Sn/Cu
solder joint has influenced the current direction.[3]
Although this current density level is still about two
orders of magnitude lower than that for Cu
interconnects, EM damages becomes a serious

concern for solder joints dou to their low current
carrying capability.[4] In solder joints, the formation
of intermetallic compounds (IMCs) at the interface
between the solder and the UBM plays an important
role in controlling EM reliability.[5] Noble or near
noble metals such as Cu or Ni in the UBM can
diffuse rapidly in Sn by an interstitial diffusion
mechanism,[5~7] and react at a fast rate with Sn to
form IMCs.[8]

The implementation of eco-friendly Pb-free
solders generates further interests in studying the
effect of UBM on EM reliability of solder joints.
This effect is expected to be more significant for Sn-
based Pb-free solders. Since Sn is a major constituent
of the IMC:s, its inexhaustible supply from the solder
can greatly enhance the IMC formation to degrade
EM reliability.[2,8]

In this work, the electromigration behavior
between UBM and Solder ball was studied. The
evolution of the surface microstructure of the
electromigration couple specimen was monitored by
in situ observation under current stressing, and the
undersurface microstructure of the specimen was
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observed using a scanning electron microscope (SEM)
after the electromigration test to investigate the
microstructure variation in greater detail. The effect
of chemical portential and electromigration on the
formation of IMCs and the diffusion behavior of
UBM were also investigated.

2. Experimental procedure

In this study, we have used Sn-3.0Ag-0.5Cu,
Sm-0.7Cu, Sn-0.7Cu-0.08Ni ball and ball size was
200um. This is a schematic of the flip-chip pkg.
with Sn-3.0Ag-0.5Cu solder as shown Fig.1.
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Fig. 1. Schematic of the test bump

We used the wafer which has a Cu plating
based on seed metal for the electromigration. The
thickness of Cu plating is 8um and width is 300um.
And then Wafer (Cu plating) was plated Ni and Au
again. Ni thickness is 5um and Au thickness is 0.5um.
The whole of wafer thickness is 600um. The
substrate was plated 5um Ni(P) on the Cu
metallization and 0.03um Au on the Ni layer for
preventing the oxidation. Fig.2 schematic shows the
daisy chain to connect the electrical after solder ball
assembly.
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Fig. 2. (a) Package design and (b) SEM image of
the electromigration test configuration

The reflow condition was peak temp.
240°C, 40sec (over 220°C) for soldering with solder
balls and pkg. and the flux cleaning condition was 60°C
for 10 minutes using only distilled water. At this time,
we used WS type flux for this study. After
completing electromigration, we have observed
solder deformation shape on the specimen made by
using only epoxy resin. We used the Tin etching

water to know about IMC change or movement and
UBM diffusion. The Tin etching water is 95 vol%
C,HsOH, 4 vol% HNO3z,1 vol% HCL.

Fig.3. is shown the test machine for this
study. Electromigration equipment can be divided
into the current portion, a temperature portion and
resistance portion. The resistance change by joule
heating increase in proportion to resistance.
Therefore, the amount of current applied to the
specimen caused by the increase in the temperature
of the specimen can be predicted. According to the
JEDEC standards,[9] EM failure on the Flip-chip
joint is defined as the electrical resistance is over 20%
compared to the initial resistance. However, in this
study, the lifetime of the specimen was measured the
beginning resistance first, and then we set when it
was 1.5 times compared to the beginning resistance.
And this is a real time measurement. At this time, the
specimen was applied to temperature 150C and
current 1.0A.

Impressing constant

electric current
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\_ v
Sample’ o
g . Heating plate
(@) (b)
Fig. 3. Electromigration test machine (a) MX-400
model and (b) Magnification on test area

3. Results and discussion

We have studied the electromigration by
using Sn 3.0wt%Ag0.5wt%Cu solder and Flip-Chip
pkg. Fig.4. shows x-section image to find the
electromigration behavior specimen used was.
Direction of electron movement is shown by an
arrow. If the current density was relatively low, the
void was shown boundary surface between the solder
and the IMC layer by migration at the cathode side.
We found that the IMC formation in the solder and
the solder with the IMC of the electrode interfacial at
the anode side were grown. However, in case of high
current density, migration of electrode materials lead
to loss of cathode side electrode.[10~14] In this study,
moving in the direction of movement of the
electrodes was observed by loss of electrons due to a
high current density. The causes and characteristics
of EM phenomena in solder joints were movement of
atom. The following is among their a mathematical
formula.[15~18]

D D . .
Jem = Ck—TZ ek = Ck—TZ epj (1)

Z*=effective charge number, e=electron
charge, E=electric field, p=resistivity, j=current
density, C=concentration of diffusion atom,
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Fig 4. X-section image after finishing the electromigration test

D=thermally activated diffusivity, k=Boltzmann
constant, T=absolute temperature. According to the
mathematical formula, diffusion speed and current
density had a decisive effect to atom movement.

In case of the solder ball size 100um for
Flip-Chip, the current density for the solder joints
was from 2x10°A/cm? to 5x10*A/cm?. Each bump’s
current showed from 0.2A to 0.4A. It is a similar
threshold current density (1x10*A/cm?) of Sn,[17] so
migration can be happened easily. Also, inside
temperature of the chip rises above 100°C due to the
effect of joule heating, the effect of current crowding
by structural problems at the flip-chip solder joints,
current density can be more than 10 times higher
locally in the area.[19] So, an aging of EM at the
flip-chip solder joint can accelerate by those things.
Firstly, we must know about the Sn aeolotropies to
explain the EM at the flip-chip solder joint. Sn
belongs to tetragonal crystal structure at room
temperature and a-axis & b-axis is 0.583nm, c-axis is
0.318nm with big aeolotropies. According to current
report, [001] direction the modulus of elasticity and
young’s modulus has a bigger than [100] direction.
Coefficient of expansion is greater 2 times and the
structure of solder can be change the characteristic of
Sn.[20~24] C-axis direction can lead to spread of
interstitial space is greater than a-axis and b-axis,[25]
atoms of Au, Ni, Cu within the diffusion rate,
depending on the direction of each axis, there are big
difference for diffusion rate. Especially, In case of Cu
for using UBM(Under Bump Metallization) layer, c-
axis direction diffusion speed was faster than a-axis
and b-axis about 500 times at the room temperature
[26~29] diffusion speed by Sn direction impurity
atoms as shown the tablel. According to Lu,[30] he
found the change of aging speed by EM in same
sample and if between electron flow and Sn c-axis is
parallel, UBM can be faster dissolution than C-axis
and if c-axis was verticality, Sn’s EM can be
happened. However, there is no enough report that
explanation aging mechanism by Sn crystal grain
direction at flip-chip solders joints and method for
preventing of high-speed aging.

Table 1. Diffusion codfficient of various atom in
the Sn matrix respect to axis direction.[26~29]

Atom Direction | Diffusion coefficient (am*/sec) at 25°C
cu Dcuinsna(y) 3.8x10°
Deuinsne(ny 1.0x10°®
Ni Dniin sna(L) 6.0x102
Dniin sn () 1.3x10°
Au Dauinsna(L) 1.6x10™
Dauin sn c(n) 4.9x10™"
Ag Daginsna(L) 5.7x10
Dag in sn c(i) 6.8x10%2
sn Dsninsna(1) 2.1x10%8
Dsninsn c(n) 1.0x108

The cross-sectional images of the assembled
Sn3.0Ag0.5Cu for electromigration test at 150C in
fig.5. At this time, current density received from the

Si-chip and substrate is 2.3x10° A/, 4.0x10° A/’
At this time, Current density obtained by calculating
UBM opening. The direction of movement of
electrons displayed “e”, in case of the left side bump,
the direction of the electrons to move from bottom to
top and in case of right side bump, the direction of
the electrons to move from top to bottom. We found
the electromigration destruction at the cathode side
of bump in our tested specimen. Between UBM and
solder, it made the IMC’s (CugSns, CusSn) at the
cathode. Also, the intermetallic compound was lost
depending on the movement of electrons and made
the voids. The form of movement along UBM for
electron is similar Blech specimen[31] used Al
electromigration study by Yeh. According to the Yeh
report, he found Al loss at the cathode, but Al stick at
the anode.[31] However, UBM was consumed also
in this study, we could not find the hillock at the
anode side.

Fig.6 shows the impressed voltage change
form test time on Sn 3.0Ag 0.5Cu, Sn 0.7Cu, Sn
0.7Cu 0.08Ni solder at 150°C room temperature
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Fig. 5. SEM micrographs of the Sn 3.0Ag 0.5Cu
solder bumps observed after electromigration
failure

from the beginning of the test to last moment of
failure, flip-chip’s impressed voltage was not change,
however when failure moment, the impressed voltage
was increased. As a result of Solder bump
microstructure on eatch step of electromigration by
Choi report, it found the voids the solder bump of the
cathode side with no signal of resistance change at
the last moment of failure.[32] The electronic failure
by solder bump electromigration was crop up. So the
electromigration of solder bump can be serious
repercussions for reliability of flip-chip. Fig.6. and
table.2 shows electromigration MTTF about voltage
changing test.
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Fig. 6. Electric resistance(2) vs time(H) curve

obtained during electromigration test at 150°C (a)
Sn 0.7Cu (b) Sn 0.7Cu 0.08Ni (c) Sn 30.Ag 0.5Cu

We used “Black  equation”  for
Electromigration’s MTTF as shown a mathematical
formula 2.[33] T : Temp. j : Current density, Aand n
is constant, Q is a activation energy for
electromigration, and k is Boltzmann’s constant.

MTTF = A-j™" - exp(:2) @)

Sn3.0Ag0.5Cu solder has a better than
Sn0.7Cu and Sn0.7Cu 0.08Ni for electromigration
life time. Sn3.0Ag0.5Cu’s life time is longer than
others.

Table 2. Mean-time-to-failure (MTTF) for
electromigration of the Sn 3.0Ag 0.5/cu, Sn 0.7Cu,
Sn 0.7Cu 0.08Ni solder bump.

Sn0.7Cu Sn 3.0Ag
Sn0.7CU 1 7) o8N 0.5Cu
MTTE | 118hr. | 189hrs. | 258 hrs.

The change of Solder ball in EM has
influenced reorientation and rotation of Sn crystal
grain and Cu atom is speed up for migration.[34~35]
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Fig. 7. Fig. 4. Mechanical strength of the joint
with various solders. (a) Ball shear strength (b)
Interrelation between force and displacement (c)
Hardness

The reason of SnAgCu solder has a longer
life time than SnCu solder is Ag. We have studied the
electromigration for Ag. SnAgCu solder has the IMC
such as AgsSn after reflow.[36] Ag didn’t have a
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influenced the electromigration. Also, Ag is due to
have to effectively suppress the proliferation of Cu-
Sn intermetallic compound. The electromigration lite
time depends on the IMC’s melting point and
diffusion coefficient.

Ni’s diffusion coefficient is slower than Cu’s
diffusion coefficient in Sn at 150°C.[26~29] Also,
NisSn(high melting point) IMC have a bigger
binding energy than CugSns (low melting point).
Therefore, Sn0.7Cu with 0.08Ni has a longer life
time than Sn0.7Cu solder. There are needs of study
for relationship with IMC growth, failure,
deformation, Sn crystal orientation and electron flow
to reveal the more sure mechanism.

Fig.7. shows BST strength of assembled
Sn3.0Ag0.5Cu and Sn0.7Cu and Sn0.7Cu 0.08Ni
solder with graph for the relationship between load
and displacement, hardness. BST condition was
200um/s of test speed and height was 5um. Hardness
was 100gf with 10sec. Ag contents solder had a
higher hardness strength than no Ag contents solder.
The fine grain and bulky IMC in the solder made
interruption for a crack path. Sn0.7Cu and Sn0.7Cu
0.08Ni, it showed similar hardness, as we can know
from graph of load and displacement, there were
similar deformation. We found from this study,
Sn0.7Cu which has a large ductile solder was better
than others for using flip-chip pkg. to minimize for
warpage crack by insulation layer.

However, Sn0.7Cu solder has a weakness
for electromigration. But if Ni is dopanted into the
Sn0.7Cu, the performance of electromigration can be
improved.

4. Conclusion

We found the electromigration behavior of
Flip-Chip bump by using Sn 3.0Ag 0.5Cu, Sn 0.7Cu,
Sn 0.7Cu 0.08Ni solder

(1) The IMC moved by the electromigration of
Sn3.0Ag0.5Cu solder bump from cathode to anode
and we found the void and failed circuit at the
cathode.

(2) The average life time of Sn 3.0Ag 0.5Cu, Sn
0.7Cu, Sn 0.7Cu 0.08Ni solder bump was measured
each time. The life time was 258, 118 and 189 hrs.
each other. The reason of the longest in
Sn3.0Ag0.5Cu solder bump was AgzSn IMC which
did not contribute to the electromigration. Also,
AgsSn was shown to effectively suppress the Cu-Sn
intermetallic compounds due to suppress atom
movement.

(3) The result of BST & hardness, SnAgCu alloy was
higher than Sn0.7Cu and Sn0.7Cu0.08Ni. Sn0.7Cu
and Sn0.7Cu0.08Ni, there were no big differences.

(4) It is suitable to use of soft solder such as Sn0.7Cu
to minimize the warpage crack on Flip-Chip pkg.
which has a low permittivity. But it has a weakness
of electromigration. However, we found the dopant
such as Ni for protecting a weakness of
electromigration.
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