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Abstract

Abstract

Joule heating effect in solder joints was investigated using thermal infrared microscopy and
modeling in this study. It is found that the dimension of the Al-trace and silicon chip has
significant influence on the electromigration failure.time. With the increase of applied current,
the temperature increased rapidly-due to Joule heating= Furthermore, modeling results
indicated that a hot spot existed in the'solder-near the entrance point of the Al trace, and it
became more pronounced as the applied current’increased. The temperature difference
between the hot spot and the solder was as large as 9.4 °C when the solder joint was powered
by 0.8 A. This hot spot may play an important role in the initial void formation during
electromigration. In additional, x-ray microscopy and Kelvin bump probes were employed to
investigate void nucleation and propagation during electromigration in solder joints. The
shape of the voids at various stages can be clearly observed. The voids appeared to be quite
irregular when they propagated to deplete the contact opening. The growth velocity was
measured to be 1.3 um/h at early stages under 6.5x10° A/cm® at 150°C, and it decreased to 0.3
um/h at later stages. Formation of intermetallic compound (IMC) and compositional changes
at the interface of solder/IMC on the chip side were speculated to be responsible for the

retarded growth rate at later stages.
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(c) Plan-view schematic showing the solder joints with 100-pm-wide Al traces.
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the investigation of length effect on electromigration.

Fig. 12 (a) Infrared microscope

(b) Infrared microscope schematic diagram for experimental setup, in which the Si

side faced the infrared microscope.

Fig. 13 The cross-sectional SEM image for the fabricated samples.
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Cross-sectional schematic diagram of the samples used in this study. (package II)

Flip-chip package with meshization.

(a) Cross-sectional schematic of the layout design. The Al trace connected all the

four solder bumps together.

(b) Schematic structure for the solder bump used in this study..

(a) Temperature distribution in the package before current stressing, showing a
uniform temperature in the package.

(b) Radiance image for the same location in (a). Circuit of the Al trace can be
clearly observed.

(¢) Temperature distribution’in the Al trace measured by the IR microscope when

powered by 0.59 A

(d) Enlarged image forthe temperaturerdistribution in one of the solder joints in (a).

(e) Temperature profile along the'white line in 16(d).

(a) The temperature distribution of a bump. A hot spot exist at the entrance points of
the Al trace into the solder at the passivation opening.
(b) The temperature distribution in the solder bump. the average temperature in the

solder bump was obtained by averaging the temperatures in a square of 70 um x

70 um in the center of the solder.

(a) Simulated temperature distribution in the stressing circuit when powered by 0.59

A. The distribution matched the experimental data in Figure 18(a).

(b) Temperature distribution inside the solder bump. A hot spot was found in the
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entrance point of the Al traces.
Fig. 20 (a) depicts the temperature in the hot spot and the average temperature in
the solder as a function of applied current up to 0.8 A.
(b) vertical and horizontal thermal gradients as functions of the applied current.
Fig. 21 (a) Radiant IR image showing the bump B1 in Fig. 9(c). The Al pad,
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(b) Uniform temperature distribution in the Al trace and in the Al pad
before current stressing. The average temperature in the Al pad was
obtained by averaging the temperatures in the 40 um x 40um square. The
temperature distribution when-1t was applied by (c) 0.4 A, (d) 0.6 A, (e) 0.8
A, and () 1.0 A currents.
Fig. 22 The temperatures in the Al pad of the bump B1 as a function of applied currents up

to 1.0 A for the three stressing setups

Fig. 23 Measured temperatures in the Al pads above the four bumps in 1(c) when the

electron flow was (a) from bump B1 to bump B4 (b) from bump B2 to bump B3,

(c) from bump B1 to bump B2 under 0.8 A.
Fig. 24 The temperatures in the far left bumps as a function of applied currents for the
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(b) X-ray image of the same joint after current stressing. The void was enclosed by

the white line.

(c) X-ray image of the same joint after being polished laterally to middle of the
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(d) Cross-sectional SEM image of the joint in (c). A void formed near the entrance

of the Al trace.

Plan-view x-ray images of the joint after stressing for (a) 37.8 h. (b) 110.2 h.

(c) 177.8 h. and (d) 384.:0 h. The position'of the Al trace was labeled by the dotted

lines in the Figures.
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(a) Plot of depletion area as a function of stressing time.

(b) Plot of void growth velocity against stressing time for the five samples. The

depletion percentage of UBM opening for each sample was also shown in the
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Chapter I Introduction

1.1 Flip chip technology

To meet the miniaturization trend for portable devices, flip chip technology has been
adopted for high-density packaging due to its excellent electrical performance and better heat
dissipation ability.[1] Area arrays of solder bumps are fabricated on a silicon chip to achieve
high input/output (I/O) pin count. Flip Chip Technology was developed by IBM since the end
of 60’s. The so-called C4(Controlled Collapse Chip Connection) technology deposited solder
bumps on wettable metal terminals on the chip and a matching footprint of solder wettable
terminals on the substrate as shown insFigure 1 and Figure 2 [2]. Then the chip was aligned
on the ceramic substrate. IBM's C4 used evaporation for deposition of high-lead (95%) solder
through a metal mask. The main purpose was toprovide differential melting temperatures; the
board-level 63% Sn-37% Pb solder melts at 183°C while the flip-chip solder melts at 315°C.
Flip chip technology provides high input/output (I/O) pin counts for the package. It also has
two important advantages, one is the solder bumps reflowed in the same time for all the
contact, the other is self-alignment process as shown in Figure 3. Because of melting solder
surface tension and the Under Bump Metallurgy good wetting ability of solder and Under
Bump Metallurgy(UBM) layers. Thousands of contacts aligned simultaneously under reflow
process. Today flip-chips Technology is widely used for high performance electronic

applications.
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Figure 3. Solder self-alignment process



1.2 Electromigration theory

Electromigration is a combination of thermal an electrical effects on mass motion. It is a
phenomenon of mass transport by the electric field and charge carriers. Electromigration is a
mass transport driven by an electric field. The direction of mass transport is the same as that
of electron flow for metals. The phenomenon of electromigration can be illustrated by the
response of short conducting lines under a high current density. Figure 4 shows
electromigration of Al line, which is a typical Blech structure.[3] Electromigration occurs and

leads to extrusion at the anode and voids at the cathode.

Void . . Extrusion
Tension Compression _
- h / AL line +

Cathode «——r- Mo line Anode

N N N < AN ~~ < < AN
Si0, substrate '

Electric
current

Figure 4. A sketch of electromigration effect in an Al line © [3]



The driving force for electromigration consists of the “electron wind force” and the
“electrostatic field force”. The electron wind force refers to the effect of momentum
exchange between the moving electrons and the ionic atoms when an electrical current is
applied to the specimens [4]. The electron flow might act as a “frictional” force on the

diffusing atoms. The “frictional” force is commonly called “electron wind force.”

When a thin film stripe is stressed under a high current density, the electrons would hit
the atoms at the cathode side and the momentum would be exchanged between electrons and
diffusing atoms. This phenomenon is formed by the interaction of two different types of force:

1. Coulombic force: the force between the electrostatic force and metal ion, when an
external electric field is applied.
2. Electron wind force: the force made by the momentum exchange between
electrons and diffusing atoms.
The atomic diffusion flux in a solid'can be writtén as:[3]

J—JL—+ZQM, o

Where the first term represents the chemical potential gradient, and the second term
represents the sum of different forces. For a pure metal, there is no chemical potential gradient
between the atoms, so the first term is zero. The second term is what we discussed above, the
combination of direct action of the electrostatic field and the momentum exchange of

electrons and diffusing atoms. For simplicity, the second term can be written as: [3]

Zcmﬁza+F

wd (1.2)

By comparing the magnitude between the electrostatic field force and the electron wind force,
we can know that the electron wind force is much bigger than the electrostatic field force so

that the atoms would be pushed from the cathode side to the anode side. Besides, the
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dominative term Fy4 can be written as: [5]
— *
F.a =EZ*e (3
where E is the electric field, Z* is the effective charge number. Z* is a parameter to express

how the atoms would migrate when they are effected by electromigration. So, the Z* value

would vary from different metal atoms. Then, we can combine equation (2.1) and (2.2): [3]

J = CMFwd (1.4)

where M is the mobility of the atoms and C is the atomic concentration. By using the Einstein

equation, the mobility can be written as:

_ D
_R-_l-_ (1.5)

where D is the diffusivity, K is the Boltzmann’s-constant, T is the absolute temperature. Now,

we can combine equation (1.3), (1.4).and (1.5),:80 we can obtain the following equation:

J. =CMF,, =C 2.7 *¢E
KT

(1.6)



1.3 Electromigration in flip chip solder joint

To meet the miniaturization trend for portable devices, flip chip technology has been
adopted for high-density packaging due to its excellent electrical performance and better heat
dissipation ability.[6] As the required performance in microelectronics devices becomes
higher, the design rule requires that the current in each bump should be 0.2 A, and it is
expected to increase to 0.4 A in the near future.[7] Therefore, electromigration has become an

important reliability issue.[8]

1.3.1 Joule heating effect

Joule heating effect is that the electronsymoving through a metal, the electrical energy
converted into thermal energy. The heating power can be expressed as
P=1"R=j"pV 2.1
where P is Joule heating power, | is the current, R is the resistance, j is the local current
density, V is the volume of the material, and p is the resistivity. The product of IR is the total
heating power, whereas j°pis the heating power per unit volume.

During the electromigration test, the applied current may be as high as 2.0 A, and thus
Joule heating effect in the solder bumps becomes significant.[9] Furthermore, the total length
of the Al trace is typically few hundreds to few thousands microns, which corresponds to a
resistance of approximately few hundreds milli-ohms or few ohms. On the other hand, the

resistances of the solder bumps and the Cu trace in the substrate are relatively low, typically in

-8-



the order of few or tens of milli-ohms. The major heat source for the solder joints is the Al
trace.[10] Hence, the temperature in the bumps during testing may be much higher than that
of the ambient due to Joule heating, and may affect the mean-time-to-failure (MTTF) analysis,
as delineated by Black’s equation: [11]
MTTF = A_Lexp (&) (2.2)

j" kT
where A is constant, j is the current density, n is a model parameter for current density, Q is
the activation energy, K is the Boltzmann’s constant, and T is the average bump temperature.
It is noteworthy that the MTTF decreases exponentially with the stressing temperature. Wu et
al. [12] conducted electromigration-test for SnPb selder bumps, and found that the MTTF
decreased from 711 hours to 84 hours when the testing temperature increased from 125 °C to
150 °C at 5.0 x 10°> A/cm?, whereas'the MTTF decreased from 277 hours to 84 hours as the
current density increased from 2.5 x 10> A/em” to 5.0 x 10°> A/em? at 150 °C. Therefore, the

influence of the stressing temperature on MTTF is more profound than the current density.



1.3.2 Current crowding effect

In previous work published by Liang et al.[13], current density distribution in a solder joint
was thoroughly studied by a three-dimensional finite element simulation. It was found that the
maximum current density in a solder bump can be much higher than the average one that was
previously projected. It locates itself near the solder/underbump metallization (UBM)
interface, which serves as a vacancy flux divergence plane and favors electromigration
occurring at that location. Consequently, the solder joint is more prone to electromigration.
The cause of such locally high current density.is a result of the current crowding effect.
Current crowding occurring in thé solder joints is due to the current flow experiencing a
dramatic geometrical and resistance transitron-from the thin on-chip metal line to the solder
bump. Because the cross-section of the Al'trace on the chip side is about two orders smaller
than that of the solder joints, the majority of the current will tend to gather near the AI/UBM
entrance point to enter the solder bump instead of spreading uniformly across the opening
before entering the bump. The materials near the entrance point experience a current density
of about one order of magnitude higher than the average value. Current crowding plays a

critical role in the electromigration failure of the solder joints.[13]

-10-



1.3.3 Thermomigration

Thermomigration is the atom movement due to temperature gradient.[14,15] As the
required performance in microelectronic density increases, the design rule of packaging
requires that some of the power bumps may need to carry 0.2 to 0.4 A. Therefore, Joule
heating effect in the solder bumps become an important issue. Furthermore, to meet the need
for increased miniaturization of portable devices, the dimension and the pitch of the solder
bumps continues to shrink, causing the Joule heating effect to be even more serious. Roush
found that the thermal gradient is as_highet as 1200°C/cm in Pb-In bump, and Pb atoms
moved from hot end to cold end.in 1982.{16] > . Ye at'al. stressed the SnPb solder under 1.3 x
105 A/em2 (1A) for 16 h. The found voids-occurred’at both anode and cathode side as shown
in Figure 5 and Figure 6. They performed ‘a Simulation for the temperature distribution, and
found the thermal gradient was as high as 1500 °C/cm in a SnPb solder bump when it was
stressed by 1.0 A as shown in Figure 7. However, there is still no experimental data to verify
the temperature in the bump because the solder joints are completely surrounded by a chip, a
substrate and underfill, so no direct temperature measurement can be made to investigate the

Joule heating effect inside the solder joints. [17]
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1.3.4 Void formation in flip chip solder joint during electromigration

The pitch of solder bumps has decreased rapidly, in turn the contact area of the
solder bumps and the diameter of under bump metallization (UBM) decrease rapidly too.
On the other hand, the operation current for the bumps keeps increasing, resulting in a
dramatic rise of the current density in the solder bump. [16-18] Tu et al. stressed the SnPb
solder with AI/Ni(V)/Cu UBM under 1.90 ~2.25~2.75 x 10*A/cm?® . The voltage was recorded
in the same time. They found that once the void was formed and propagated toward the rest of
UBM at the interface of Si chip and SnPb solder, dramatic rise of electrical resistance
occurred.[16] Brandenburg and Yeh reported the observation of electromigration failure in flip
chip eutectic SnPb solder joints-stressed under 8x10° A/cm” at 150 °C for a few hundred
hours. [8] The important findings_ are void formation at the cathode and Pb accumulation at
the anode of the solder joint.

Redistribution of current density and temperature due to void formation in flip-chip solder
joints during electromigration was investigated using three-dimensional thermo-electrical
coupled modeling, in which the current density and temperature redistribution were simulated
at different stages of void growth for solder joints with thin-film UBM. Liang et al. found that
after the void formation near the entrance point of Al trace, the current may propagate through
the UBM layer to the periphery of the solder joint, leading to the void formation in the

periphery of the solder joint, which was low current density region before the void formation

-14 -



as shown in Figure 8.[25] In addition, the temperature of the solder did not rise significantly

until 95% of the contact opening was eclipsed by the propagating void. It is proposed that

current redistribution is the main reason accounting for void formation and propagation,

especially the propagation into the low current density region below the contact passivation. It

is found that UBM provided a conducting path for current to go below the passivation, and it

directed the current to the periphery of the solder joint, which is in agreement with the

experimental observation of void formation in those regions. Increase in temperature due to

void formation was not significant since the major heat source was the Al trace and the

applied current was as low as 0.28 A: However, there is also no experimental data to verify

temperature redistribution due to-void formation in real flip-chip solder bumps. We will

discuss that in later chapters.
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1.4 Motivation

Since electromigration is the result of a combination of thermal and electrical effects on

mass motion, the Joule heating effect must be addressed to provide better understanding of the
electromigration behavior. The current used for typical accelerated electromigration tests
ranges from 0.5 A to 2.2 A. Although whether a hot spot exists at the current crowding region
is of interest, only a few studies have addressed the Joule heating effect in solder joints.[9, 10,
19] Furthermore, the total length of the Al trace is typically few hundreds to few thousands
microns, which corresponds to a resistance of approximately few hundreds milli-ohms or few
ohms. On the other hand, the resistances of the solder bumps and the Cu trace in the substrate
are relatively low, typically in the order of few or tens of milli-ohms. The major heat source
for the solder joints is the Al trace.[10] Hence, the temperature in the bumps during testing
may be much higher than that of the ambient due to Joule heating, and may affect the
mean-time-to-failure (MTTF) analysis, as delineated by Black’s equation (2.2):[11]
It is noteworthy that the MTTF decreases exponentially with the stressing temperature. Wu et
al.® conducted electromigration test for SnPb solder bumps, and found that the MTTE
decreased from 711 hours to 84 hours when the testing temperature increased from 125 °C to
150 °C at 5.0 x 10° A/cmz, whereas the MTTF decreased from 277 hours to 84 hours as the
current density increased from 2.5 x 10° A/em” to 5.0 x 10° A/em?” at 150 °C. Therefore, the
influence of the stressing temperature on MTTF is more profound than the current density.
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Ye at al. performed a simulation for the temperature distribution, and found the thermal

gradient was as high as 1500 °C/cm in a SnPb solder bump when it was stressed by 1.0 A.

However, there is still no experimental data to verify the temperature in the bump because the

solder joints are completely surrounded by a chip, a substrate and underfill, so no direct

temperature measurement can be made to investigate the Joule heating effect inside the solder

joints. For this study, we used thermal infrared (IR) microscopy to measure the temperature

distribution in the Al trace at various stressing conditions. Based on the experimental data, we

constructed a finite element model to simulate the temperature distribution inside the solder

bump during current stressing. Therefore, this study-provides deeper understanding of the

Joule heating effect inside the flip-chip soldet joints during current stressing.

During electromigration, voids nueleate.in the solder bump near the point of entry of the

electron flow, where serious current crowding and flux divergence occur.[20,21] In previous

studies, void formation and propagation were observed by cross-sectional scanning electron

microscope (SEM). Therefore, only the length and the depth of the void at those specific

cross-sections can be observed. However, the location where voids nucleate, the shape of

voids, as well as how voids propagate in the UBM opening remains unclear. In addition, the

propagation velocities of voids at different stages have not been measured. X-ray microscopy

has been used to study formation of voids in Cu interconnects during electromigration.[22]

Since the size of voids formed in Cu interconnects is in submicron range, synchrotron
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radiation x-ray is needed. For flip-chip solder joints, the voids are of a much larger dimension,

typically ranging from few microns to tens of microns. Thus, a laboratory-based x-ray

microscope appears to be sufficient for the investigation of void nucleation and propagation in

solder joints during electromigration. Nevertheless, it has not been applied to solder joints.
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Chapter Il Experimental

2.1 Fabrication of clip chip packages (1)

The fabrication procedure for the SnAg bumps were prepared as follows: A SnAg3.5 solder
paste was printed and deposited on the UBM pad of the chip. The chip was reflowed in a
nitrogen atmosphere oven at the 250°C peak temperature and remained above the liquid
temperature for approximately 60 s. Then, the bumped die sample was prepared after sawing.
Afterward, the bumped die was mounted on a BT substrate, on which the SnAg3.5 solder
paste was printed through a metal stencil printing on the metallization pads of the substrate.
Then, the flip-chip sample was reflowed for the second time in a nitrogen atmosphere oven at
the 250°C peak temperature for approximately 60 s. The flip-chip joints were formed after the
second reflow. Afterward, the flip-chip package was under filled as shown in Figure 9.

Figure 10 shows the schematic for the solder bump. The thickness of the Si chip was 300
um. The under-bump-metallization (UBM) consisted of 0.7 ym Cu, 0.3 pum Cr-Cu, and 0.1
um Ti. It is assumed that a layer-type CusSns intermetallic compound (IMC) of 1.4 um thick
grew in the interface of the UBM and the solder, whereas a layer-typeNizSny IMC of 1.0 um
thick formed in the interface of the pad metallization and the solder in the substrate side. The
UBM and passivation openings were 120 um and 85 pm in diameter, respectively. The Al
trace on the chip side was 34 um wide and 1.5 um thick. BT substrate was employed for the

flip chip package.
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2.2 Fabrication of flip chip packages (I1)

To analyze the effect of Al-trace dimension on electromigration of flip-chip solder joints,
another flip chip package was prepared. The dimension of the flip-chip joint used in this study
is shown in Figure 11(a) schematically. The under bump metallization (UBM) was
Ti/Cu/Cu/Ni. A titanium layer of 0.1 um was sputtered on the oxidized Si wafer and acted as
an adhesion layer. Copper (0.5 um) was then sputtered on the Ti layer and served as a seed
layer for the subsequent electroplating process. Then a 5-um Cu and a 3-um Ni layers were
electroplated on the Ti/Cu layers. Photolithography was applied to define the UBM opening.
Afterwards, the UBM opening was formed by wet etching process. Due to the fast etching of
Cu, the diameter of Cu UBM was smaller than that of the Ni UBM, as shown in Figure 11(a).
The passivation and UBM openings are 110 pym and 120 pm in diameter, respectively.
Eutectic SnPb solder was electroplated onto the UBM, followed by reflowing in an infrared
oven at 220°C for about 1 minute. The solder bumps were jointed to FR4 substrates. The pad
metallization consisted of 1-um Au and S=pmr-electroless Ni layers. The dimension of the pad
opening was 300 um in diameter. The ‘dimension of the Si chip was 5.35 mm long, 4.35 mm
wide, and 250 um thick, whereas the dimension of the FR4 substrate was 5.35 mm long, 4.35
mm wide, and 250 um thick. Two different layouts of Al traces were fabricated: one was 40
um wide and 1.5 pm thick as shown in Fig. 11(b); the other was 100 um wide and 1.5 um
thick, as shown in Fig. 11(c). The four bumps in Fig. 11(d) were labeled as B1 through B4,
and the three Al traces were labeled as T1 through T3. The pitch for both test samples was 850

um. The non-solder mask process was adopted.
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Figure 11(a) Cross-sectional view showing the materials and the dimension of a SnPb bump.

(b) 850 850

Al trace in the Si side
Cu line in the substrate

Al trace in the Si side
Cu line in the substrate

Figure 11(c) Plan-view schematic showing the solder joints with 100-pm-wide Al traces.

(d) _ 850 ym_, 850 um

lloo um

I

Al trace in the Si side
Cu line in the substrate

=

Figure 11(d) Plan-view schematic showing the solder joints with 100-um-wide Al traces for

the investigation of length effect on electromigration.
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2.3 Temperature measurement by infrared microscopy

An Infrared microscope(Quantum Focus Instrument) as shown in Figure 12(a) was
employed to measure the temperature in the Al trace during current stressing. The temperature
distribution inside the bumps when powered by electric current was detected by a thermal
infrared microscope, which has the resolution of 0.1 °C in temperature sensitivity and 2.8 pm
in spatial resolution. The current stressing of the specimen was performed on a hot plate in
ambient air, which has heating capacity up to 120°C. Prior to the current stressing, the
emissivity of the specimen was calibrated at 100 °C. After the calibration, the bumps were
powered by a desired current stressing condition. Then, temperature measurement was
performed to record the temperature distribution after the temperature reached a steady state.
Figure 12(b) shows the schematic diagram for experimental setup, in which the Si side faced
the infrared microscope. Since the 250 um Si is transparent to infrared, the corresponding
penetration depth is larger than 2m and much larger than the thickness of the silicon wafer.
Therefore, the absorption can be ignored.[28] The temperature distribution in the Al traces

and in the Al pad directly above the solder bumps during current stressing can be measured.

-25-



11.
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Figure 12(b) Infrared microscope schematic diagram for experimental setup, in which the Si

side faced the infrared microscope.
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2.4 Microstructure examination

A JEOL 6500 scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDS) were used to observe the microstructure and composition of the solder joints in the flip
chip package. The cross-sectional samples were prepared by polishing laterally until the
contact opening was visible. Figure 13 shows the cross-sectional SEM image for the
fabricated samples. Due to the large opening in the substrate side, the bump height was as
small as 25 um. Both the electroplated and elctroless Ni layers reacted with the solder to form
NizSny intermetallic compounds (IMCs), and the average thickness of the IMCs was 1 um.
SEM was also employed to examine the voids in the cross-section of the solder bumps. Then,
an etching solution consisting of glycerin, nitric acid and acetic acid at ratio of 1 : 1 : 1, was

used to selectively etch the tin. Thu e morphology of intermetallic compound (IMC) and

the whole contact opening could b

substrate

NCTU SE 15.0kV X400 Iiﬁ_'i,r.ml_ WD 10.3mm

Figure 13. The cross-sectional SEM image for the fabricated samples.
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2.5 X-ray microscope

In this study, void formation during electromigration was monitored by an x-ray
microscope. A DAGE XL-6500 x-ray microscope with the Si side facing the x-ray detector,
which has 2 um in spatial resolution. The corresponding current density was 6.5x10° A/cm’.
The operation voltage was set at 95 kV in this study. Since voids form in the bump with
electron flow from the chip side to the substrate side, only the bumps with this stressing
direction were examined. The solder joints were stressed by 0.8 A at 150°C for a desired time.

Figure 14 shows the cross-sectional schematic for the solder joint used in this study. The
dimension of the Al trace was 1.5 jam thick and 100, um wide, while the dimension of the Cu
lines on the substrate was 25 um thick and 100 um wide. The UBM consists of 0.1-um Ti,
5-um Cu, and 3-um Ni layers. The/diameter of the UBM and the passivation openings was
120 um and 85 um, respectively. Electroplated SnPb solder bumps were mounted on a FR4
substrate to form flip-chip joints. Non-solder-mask-defined process was used in this structure.
The dimension of the Cu pad opening was 300 um in diameter. Owing to the large opening in
the substrate side, the bump height was as small as 25 pum. With the low bump height, the

voids in the solder bump would be much clearly seen in an x-ray microscope.
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Figure 14. Cross-sectional schematic diagram of the samples used in this study.
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2.6 3-D thermo-electrical simulation by finite element analysis

On the basis of the experimental results, a three-dimensional (3-D) simulation was carried
out by finite element analysis. The schematic diagram for the package is shown in Figure
12(b). Two solder bumps had electrical current applied through the circuit shown in the Figure.
The electrical and thermal resistivities for the materials used in this modeling are listed in
Table I. The effect of temperature coefficient of resistiviy (TCR) was considered, and the
TCR values for the metals are also listed in Table 1. In addition, 3-D coupled thermal-electric
simulation was conducted to predict the steady state temperature distribution using the
ANSYS software package developed by ANSYS, Inc. The model used in this study was a
SOLID69 8-node hexahedral coupled field element. All the boundary conditions followed the
experiment setup, shown in Figure 12(b). The whole flip chip package with meshization is
illustrated in Figure 15. The area of the Si ¢hip'was 10.0 mm x 6.0 mm and the thickness was
290 pum, whereas the BT (Bismaleimide Triazine) substrate was 4.75 mm wide, 7 mm long,

and 350 pm thick.
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Table I. Thermal conductivities, electrical resistivities, and temperature coefficients of

resistivity for the materials used in the simulation model.

Material Thermal conductivity Resistivity(p€2-cm) TCR
(W/m-°C) at 20°C (10°K™

Silicon 147.00 -- -

Al trace 238.00 2.70 4.2

UBM(Ti+Cr/Cu+Cu) 147.61 5.83 4.9

SnAg3.5 33.00 12.3 4.6

Ni 76.00 6.8 6.8

Cu pad 403.00 1.7 4.3
BT (substrate) 0.70 -- -
Underfill 0.55 -- -
Passivation 0.34 -- -

Note : The materials not given in electric resistivity are assumed to be electrical insulators.
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Figure 15. Flip- kage with meshization.

-33-



2.7 Bump resistance measured by Kelvin bump probes

In this study, we employed Kelvin bump probes to monitor the bump resistance change
during electromigration. A bump resistance change as small as 0.1 mQ could be detected. The
corresponding void formation causing the increase in bump resistance can be examined at
different stages. We have designed and fabricated Kelvin probes for flip-chip eutectic SnPb
solder joints. Figure 16(a) shows the plan-view schematic for the structure. The test structure
consisted of four bumps, in which an Al trace.connected all of them together. The four bumps
were labeled as Bump 1 though Bump-4, respectively: The dimension of the Al trace was 1.5
um thick and 100 um wide. The pitch forthesolder joints was 1 mm. Six Cu lines on the FR4
substrate connected to the four bumps, and they were labeled as node 1 through 6, as shown
in the Figure. The dimension of the Cu lines was 30 um thick and 100 um wide. Through
these six Cu lines, various experimental setups can be performed to measure the bump
resistance for Bump 2 or Bump 3, or the resistance for the middle segment of the Al trace. In
this study, the current was applied through nodes 3 and 4, i.e. electrons flowing from the chip
side to the substrate for Bump 2, and the opposite direction for Bump 3, as illustrated in
Figure 16(b). The voltage change in the Bump 2 was monitored through nodes 1 and 2,

whereas the voltage change in the Bump 3 was supervised though nodes 5 and 6. Therefore,
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the change in bump resistance during electromigration for the two bumps with opposite

direction of electron flow can be monitored simultaneously. In general, voids initiate in the

chip side of the Bump 2 due to serious current crowding effect. Hence, we will present the

results for Bump 2 only in this study. The power supply used in this measurement was

Keitheley 2400, which has a 0.1 pV resolution in voltage measurement. The error in

measuring resistance in this study was estimated to be 1 to 10 u<Q.
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Figure 16 (a) Cross-sectional schematic of the layout design. The Al trace connected all the

four solder bumps together. (b) Schematic structure for the solder bump used in this study.
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Chapter 111 Results and Discussion

3.1 Temperature measurement of Al-trace in flip chip solder joints under
current stressing (1)

In this study, we used thermal infrared (IR) microscopy to measure the temperature
distribution in the Al trace at various stressing conditions. Temperature increase in the Al trace
due to current stressing was measured from the whole bumps. Before the current stressing,
calibration was performed on a hot plate maintained at 70 °C. The temperature distribution
without current stressing is shown in Figure 17(a). The circuit of the Al trace can barely be
seen since the Si substrate is transparent to.infrared tadiation. The temperature was calibrated
to 70 °C. Furthermore, the circuit can be clearly observed in the radiant mode, as shown in
Figure 17(b). The Al trace, UBM and passivation openings are labeled in the Figure. Figure
17 (c) shows the temperature increase for the Al trace in the package when stressed by 0.59 A
at the ambient temperature of 70 °C. The current path is indicated by two of the arrows in the
Figure. There were two solder bumps located directly below the two circular Al pads/UBMs,
as labeled in the Figure. It is noteworthy that the Al trace has much higher temperature than
the circular Al pads, which were directly connected to the UBM and the solder bumps. The
maximum temperature was as high as 134 °C, which occurred approximately at the middle of
the Al trace, whereas the temperature was only about 105 °C for the Al pads above the solder

bumps. It is expected that the solder near the circular Al pad had the same temperature as the
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circular Al pad, since these metals are good heat conductors and the total thickness of the Al

and the UBM layer was less than 3 um, as shown in Figure 17(a). The solder served as a heat

sink, and thus the temperature in the circular Al pad was much lower than that in the isolated

Al trace. Figure 17(d) shows the enlarged image of one of the bumps in Figure 17(c). The

inner circle represents the passivation opening, whereas the outer circle corresponds to the

UBM opening of the solder joint.

Furthermore, whether a hot spot exists inside the solder is of interest for electromigration

study. The solder directly below the Al trace near the entrance point may have higher

temperature than the rest of the solder. Figure 17(e)llustrates the temperature profile along

the 75 um long dashed line in Figure 17(d). The points'A and B in Fig. 17(e) represent the

edges of the UBM and the passivation.openings, réspectively. The temperatures at points A

and B were approximately 118.2 °C and 109.7 °C, respectively, which are much higher than

the average temperature of 105.2 °C in the Al pad. The average temperature was calculated by

averaging the temperatures in a 10 pm x 10 um square in the center of the passivation

opening. Since there was solder below this segment of the Al trace, the temperature in this

solder may be higher than the rest of the solder. In addition, there is a thermal gradient since

the temperature at the Al pad near the entrance of the Al trace was higher than that at the

opposite end. The gradient in this junction was as high as 1700 °C/cm.
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Figure 17(a) Temperature distributio he package before current stressing, showing a

uniform temperature in the package.
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Figure 17(b) Radiance image for the same location in (a). Circuit of the Al trace can be clearly

observed.
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Figure 17(c) Temperature distribution in the Al trace measured by the IR microscope when
powered by 0.59 A
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Figure 17(d) Enlarged image for the temperature distribution in one of the solder joints in (a).
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Figure 17(e) Temperature profile along the white line in 16(d).
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3.2 Distribution of current density and temperature in flip chip solder

joints

Figure 18(a) shows the simulated temperature distribution in the Al trace and in the solder
joints when stressed by 0.59 A. The simulation results fit the experimental results very well.
The temperature distribution inside the solder in one of the cross sections near the entrance of
the Al trace is shown in Figure 18(b). As for the temperature distribution in the solder bump,
Figure 18(a) shows the distribution in the solder bump only, in which the Al pad, UBM, IMC
layer, and the BT substrate were excluded. It.is.clear that there is a hot spot near the entrance
point of the Al trace, as indicated-by the arfow in the Figure. Figure 18(b) shows the
distribution in the center cross-section of the-bump, in"'which the temperature distribution
across the solder bump can be clearly seen. The average value was obtained by averaging the
values in the area of 70x70 um?, as labeled in the Figure. The occurrence of the hot spot may
be mainly attributed to the local Joule heating effect, since there is serious current crowding
effect in the hot-spot region.[16] This gradient play important role in the thermomigration in

the solder joints.[18, 24]
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Figure 18 (a) The temperature distribution of a bump. A hot spot exist at the entrance points of

the Al trace into the solder at the passivation opening.
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Figure 18 (b) The temperature distribution in the solder bump. the average temperature in the
solder bump was obtained by averaging the temperatures in a square of 70 um x 70 um in the

center of the solder.
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Figure 19(a) shows the simulated temperature distribution in the Al trace and in the solder
joints when stressed by 0.59 A. The simulation results fit the experimental results very well.
The temperature distribution inside the solder in one of the cross sections near the entrance of
the Al trace is shown in Fig. 19(b). A hot spot existed in the solder adjacent to the entrance
points of the Al trace into the solder at the passivation opening. The temperature at the spot
was 95.6 °C, which was 4.5 °C higher than the average value in the solder. The temperature
on the chip side was higher than that on the substrate side. In addition, the vertical thermal
gradient was measured to be 276 °C/cm, whereas the horizontal thermal gradient was
calculated to be 634 °C/cm at this sttessing condition. The thermal gradient is denoted in this
letter as the subtraction of the temperature in'the hot spot by the temperature at the opposite
end of the solder, then divided by the distance between the two locations. Under this stressing
condition, the current density in the Al trace was 1.1 x 10° A/cm?. The average current density
in the joint was 5.2 x 10> A/cm” based on the UBM opening. In the hot spot, the maximum
current density was 1.7 x 10° A/em2, whereas the average current density involved in a
volume of 5 um x 5 pm x 5 um was estimated to be 1.4 x 10° A/em”.

The Joule heating effect was also inspected at various applied currents. Figure 20(a) depicts
the temperature in the hot spot and the average temperature in the solder as a function of
applied current up to 0.8 A. Both of them increased rapidly with the increase of applied

current. The difference in these two temperatures increases as the applied current increases,
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and it may be as high as 9.4 °C when stressed by 0.8 A. Figure 20(b) shows the vertical and

horizontal thermal gradients as functions of the applied current. They also increase with the

increase in stressing current. Moreover, the horizontal thermal gradient rose more quickly

than the vertical one, reaching 1320 °C/cm under the stressing of 0.8 A.
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Figure 19 (a) Simulated temperature distribution in the stressing circuit when powered by

0.59 A. The distribution matched the experimental data in Figure 18(a).
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Figure 20 (a) Depicts the temperature in the hot spot and the average temperature in the solder

as a function of applied current up to 0.8 A.
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Figure 20 (b) Vertical and horizontal thermal gradients as functions of the applied current.

-52-



3.2.1 Joule heating effect in flip chip solder joints
3.2.1.1 Hot spot in solder joint during electromigration

The existence of the hot spot may be attributed to two reasons. First, it may be due to the
local Joule heating inside the solder itself. The heating power can be expressed as (2.1).
In our simulation model, the total resistance of the Al trace was about 900 mQ, and the
resistance of the solder bump was about 10 mQ. Therefore, the Al trace generated most of the
heat. Due to the serious current crowding in the solder joint, the current density in the vicinity
of the Al entrance into the solder joint is typically one to two orders higher than the average
value,[9, 18, 19] causing local Joule heating there.. Second, the Al trace has higher Joule
heating effect, and the hot spot wasclose to the'Al trace. At lower stressing current, the hot
spot is not obvious because there 15 less-heat generation. However, it became more
pronounced as the applied current increased due to large heat generation and difficulty in heat
dissipation. The solder in the hot spot was the most vulnerable part in the solder joint during
electromigration testing, since it may experience much larger electron wind force due to the
higher current density and the higher diffusivity owing to the higher temperature as well as

it’s low melting point. Hence, voids start to form at this spot.
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3.3 Temperature measurement of Al-trace with various dimensions in

flip chip solder joints under current stressing (I1)

Electromigration test was performed for the above solder joints to examine the effect of
Joule heating on electromigration failure time. For the solder joints with the 40-pm-wide Al
trace, they failed instantly at and above 0.6 A at 100 °C. The SnPb solder may be melted at
these stressing conditions. Nevertheless, the failure time was 18 hours when applied by 0.6 A
for the solder joints with the 100-pum-wide Al trace in Figure 11(b). For the solder joints with
the 100-um-wide Al trace in Figure 11(d), the electromigration failure time was 35 hours
when a current of 1.0 A was applied through bumps B1 and B4 at 100 °C. The corresponding
current density was 7.1 x 10° Afem® on the basis of the UBM opening. However, when the
same amount of current was applied through bumps B1 and B3, the failure time was 1700
hours. When the current was applied through Bump B1 and B2, the joints did not fail after
3000 hours. Therefore, the dimension of the Al-trace has huge effect on the electromigration

failure time. Table II summarizes the above results.
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Table II. Failure time of the solder joints with various lengths of Al traces under current

stressing.
Al-trace 850-um-long, | 1700-pm-long, | 2550-um-long, | 2550-um-long | 2550-pum-long
dimension | 100-um-wide, | 100-um-wide, | 100-um-wide, | 40-um-wide, | 100-um-wide,

daisy chains | daisy chains

Applied 1.OA 1.OA 1.OA 0.6 A 0.6
current
Failure > 3000 hr 1700 hrs 35 hrs Failed 18 hrs
time instantly
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Since the current-density distribution was the same for the three stressing conditions for

solder joints with 100-um-wide Al trace, the difference in failure time was mainly attributed

to the difference in Joule heating effect. To examine the Joule heating effect in the solder

joints, the temperature distribution in the Al trace and in the Al pad was measured using the

IR microscope. Figure 21(a) shows the IR radiant image of the bump B1 with a 100-um wide

Al trace shown in Fig. 11(d). The Al trace and Al pad can be clearly observed in the Figure.

Figure 21(b) shows the temperature distribution before the current stressing when the package

was placed on a hotplate that was maintained at 100 ‘C in air ambient. The temperature

distribution was quite uniform. When the solder joint was stressed by the current, the

temperature in the Al trace and-in the Al pad can be measured based on the calibration in

Figure 21(b). Figure 21(c) to 21(f)"'show that the temperature increases in the Al pad for the

bump B1 in Fig. 11(d) when stressed by 0.4, 0.6, 0.8 and 1.0 A through bumps B1 and B4. In

this paper, the average temperature in the Al pad was obtained by averaging the temperatures

in a square of 40 pm x 40 um in the center of the pad, as illustrated by the dotted lines in Fig.

21(b). The average temperature increase due to the current stressing was as high as 65.1 C.

Joule heating effect in the solder joints with different lengths of Al traces was

investigated using the test structure in Figure 11(d). The current may be applied through

bumps B1 and B2, or through bumps B1 and B3, or through bumps B1 and B4. Thus, current

flows through Al traces of T1, (T1+T2), and (T1+T2+T3), respectively, for the above three
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current-stressing setups. The corresponding lengths of the Al traces are 850 um, 1700 um, and

2550um, respectively. Figure 22 shows the temperatures in the Al pad of the bump B1 as a

function of applied currents up to 1.0 A for the three stressing setups. At a lower stressing

currents below 0.2 A, there was no obvious difference in temperatures for the three stressing

conditions. However, it became more pronounced as the applied current is increased. When

stressed by 1.0 A, the temperature in the pad was 119.1 °C, 138.6 °C, and 165.1 °C for the

three stressing setups, respectively. The differences are significant in terms of

electromigration study. As a consequence, the Joule heating effect was the main reason that

caused the above significant differenice in electromigration life time under the same current.

During the current stressing, the neighboring bumps without current going through them

may also have a temperature increase. too. Figure:.23(a) shows the temperatures in the four

bumps when 0.8 A current was applied through bumps B1 and B4. It is found that the average

temperature in the middle two bumps was 137.2 °C, which was higher than those in the two

ends, and the difference was only about 2.7 °C. When the same current was applied through

bumps B2 and B3, the temperature was about 113.0 °C for bumps B2 and B3, as shown in Fig.

23(b). However, the temperatures in the bumps B1 and B4 were as high as 111.0 °C, although

they had no electric current flowing through. It indicates that the neighboring bumps

experience almost the same Joule heating as the stressed bumps. Figure 23(c) shows the

temperatures in the four bumps when the current was powered through bumps B1 and B2.
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The temperatures in the two bumps were about 112.5 °C, whereas it was 110.7 °C in the

neighboring Bumps 3 and 4.

On the other hand, the width of the Al trace may affect the Joule heating profoundly in the

solder joints at high stressing currents. To investigate the width effect, the current was applied

through the far left bump and the far right bump in Figure 11(b), and the same amount of

current was applied through the far left bump and the far right bump in Figure 11(c). The

temperatures in the Al pad of the far left bumps of the two layouts were measured during the

current stressing. For both layouts, the length of Al trace was 2550 um. The measured

resistance values were 1.08 Q and'2.66 Q at 100-C for the layout with 100-um-wide and

40-um-wide Al traces, respectively. Figure 24 shows the temperatures in the far left bumps as

a function of applied currents for‘the solder joints with 40-um-wide and 100-pm-wide Al

traces. When applied 0.2 A current, the temperature difference was only 2.1 °C between the

two solder joints. However, it increased up to 20.1 °C at 0.6 A. Therefore, the width of the Al

trace also has a significant effect on Joule heating in solder joints.
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Figure 21(a) IR radiant image of the bump B1 with a 100-um wide Al trace shown in Fig.
11(d).
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Figure 21(b) The temperature distribution before the current stressing when the package was

placed on a hotplate that was maintained at 100 ‘C in air ambient.
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Figure 21(c) The temperature increases in the Al pad for the bump B1 in Fig. 11(d) when
stressed by 0.4 A through bumps B1 and B4.
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Figure 21(d) The temperature increases in the Al pad for the bump B1 in Fig. 11(d) when
stressed by 0.6 A through bumps B1 and B4.
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Figure 21(e) The temperature increases in the Al pad for the bump B1 in Fig. 11(d) when
stressed by 0.8 A through bumps B1 and B4.
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Figure 21(f) The temperature increases in the Al pad for the bump B1 in Fig. 11(d) when
stressed by 1 A through bumps B1 and B4.
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Figure 22. The temperatures in the Al pad-of the bump B1 as a function of applied currents up
to 1.0 A for the three stressing setups
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Figure 23. Measured temperatures in the Al pads above the four bumps in 1(c) when the
electron flow was (a) from bump B1 to bump B4 (b) from bump B2 to bump B3,

(c) from bump B1 to bump B2 under 0.8 A.
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Figure 24. The temperatures in the far left bumps as a function of applied currents for the

solder joints with 40-um-wide and 100-pm-wide Al traces.
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3.3.1 Effect of Al-trace dimension on Joule heating effect on
electromigration

The measured temperature on the Al pad may be close to the temperature of the solder
bump located directly below it, since the metals are good heat conductors and the total
thickness of both Al and UBM is less than 10 pm. From the analysis by a one-dimensional
lumped model as shown in Figure 25, thermal resistance for each layer can be calculated on
the basis of the materials properties listed in Table III. The temperature difference between the
Al pad and the top layer of solder was estimated to be only 0.5 °C. Therefore, the measured
temperatures in the Al pad are quite meaningful, and they could be used to investigate the

Joule heating effect in the solder buimps.

The Joule heating effect is larger than'expected. The heating power can be expressed as
(2.1). In this study the total resistance was—+210 mQ at 100°C for the stressing circuit in
Figure 11(d) when powered throughBumps-1 and 4, in which the resistance of the Al trace
weighed 81%. The resistance of a solder bump is only about 5 m€2,[26] and the rest of the
resistance was contributed from the Cu line in the substrate. Consequently, the Al trace was
the major heat source to influence the temperature in the solder bumps. Based on the above
equation, the plot of temperature increase as a function of the square of the applied current is
expected to be linear, because the temperature increase is proportional to the heating power.
However, it was higher than the linear relationship. Figure 26 shows the plot of the measured
temperature increase against the square of the applied current for the solder with the
2550-um-long Al trace in Figure 21. The dotted line in the Figure was the tangent line for the
fitted curve at zero applied current. It was found that the higher the applied current, the more

was the deviation of the temperature from the linear relationship. However, based on Equation
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(2), the plot of temperature increase against the square of the applied current should be linear,
as shown in the dotted line in Figure 28. The deviation from the linear relationship may be
mainly attributed to the temperature coefficient of resistivity (TCR). During the
electromigration test at elevated temperature, say 100 °C, the resistances of the Al, Cu, and
solder increased due to TCR effect. In addition, when high currents are applied, the Joule
heating effect raises the temperatures of the Al traces, Cu lines, and solder bumps, causing
their resistances even higher. Thus, Equation (2.1) should be modified to account for the

TCR effect. Typically, the TCR can be assumed to be linear and can be expressed as:
p(T) = p(Ty) x[1+a(T —T,)] 3)
Where a is the TCR, T is the test temperature, p(T) is the resistivity at T °C, and p(T,)
is the resistivity at Ty °C. The TCR for bulk Al is4.2 x 10 K™, and the resistivity for Al is
2.7 uQ-cm at 20 °C. However, itincreases to 4.2 uQ-cm at 100 °C, which is a 55.6% increase.
Consequently, the heating power at'150 °C is approximately 1.5 times larger than that at 20
°C under the same applied current. Hence, the heating power should be revised as
P=1"R(T) = jV{p(T,) x[1+a(T -T,)l} 4)
Thus, the temperature in the Al-pad during current stressing could be expressed as:

T pag =100°C +dT =100°C + *R(T)HO (5)
where the T,_., is the temperature in the Al-pad, dT is temperature increase due to Joule
heating effect, and &is the thermal resistance. Therefore, the TCR has significant influence on
the Joule heating effect in flip-chip solder joints, and it enhances the Joule heating effect

during accelerated electromigration test. Therefore, due to the serious Joule heating during
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accelerated electromigration tests, the Black’s equation cannot be applied to predict the MTTF

of solder joints without calibrating the real temperature in the solder joints. On the other hand,

it indicates that the shortening and widening of the Al trace between the solder bumps may

increase the electromigration lifetime.
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Figure 25. One-dimensional lumped model
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Figure 26. Plot of the measured temperature increase against the square of the applied

current for the solder with the 2550-pum-long Al trace in Figure 21.
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Table III. Thermal resistance and material properties used in the lumped thermal resistance

model.
Material Chip Solder Underfill Substrate
Thermal conductivity (W/m °C) | 147 50 0.5 0.25
Thermal resistance (°C/W) 0.073 38.9 4.92 85.7
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3.4 Investigation of void formation in flip chip solder joints under current

stressing by x-ray

The shape of the voids induced by electromigration can be clearly observed using x-ray
microscope. Figure 27(a) shows the x-ray image of the solder joints before current stressing.
Since the Al trace is quite thin and the density of Al is low, it is not visible in the x-ray image.
The position of the Al trace was labeled in Figure 27(a) by the two dashed lines. Since the
thickness of the Cu line in the substrate was as thick as 25 um, it was visible in the x-ray
image. To facilitate the observation of veid .formation, the passivation and UBM openings
were marked on the image by two dotted white. circles. The center region shows a darker
image due to the Cu/Ni UBM and thickersolderin this region. After current stressing at 0.8 A
at 150°C for 29.8 hours, the same sample was examined again by x-ray microscope. A small
brighter region was observed near the left corner of the UBM opening, where the electrons
crowded into the solder bump. Furthermore, the voids extended backwards to the UBM
opening, because the UBM layer may serve as a conducting path for electrons.[20, 25] The
shape of void appears to be irregular. This specimen was labeled as sample A in this letter. To
verify if voids were formed in this region, the sample was ground and polished laterally to
approximate the center of the bump, and it was inspected again by x-ray microscope, as

shown in Figure 27(c). The location of the cross-section is also indicated by the dashed line in
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Figure 27(b). Then it was examined by SEM to reveal the location of voids, as shown in

Figure 27(d). It is found that the void position matched that obtained by x-ray microscope.

Therefore, x-ray microscopy can be employed to observe void formation.
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Figure 27. (a) Plan-view x-ray image of the joint before current stressing. The UBM and
passivation openings were labeled by the dotted white circles. (b) X-ray image of
the same joint after current stressing. The void was enclosed by the white line. (c)
x-ray image of the same joint after being polished laterally to middle of the joint. (d)

Cross-sectional SEM image of the joint in (c). A void formed near the entrance of
the Al trace.
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The growth velocity of the voids can be calculated from the x-ray images. To obtain the

growth velocity at different stages, four more samples were stressed for different periods of

time and then examined by x-ray and SEM. They were labeled as samples B through E in this

study. Figures 28(a) through 28(d) show the x-ray images of the four samples stressed at 0.8 A

at 150°C for 37.8, 110.2, 177.8, and 384.0 hours, respectively. The corresponding SEM

images were shown in Figures 29(a) through 29(d). Larger voids were formed with increase in

stressing time, and the voids propagated from the left-hand side to the right-hand side. In

addition, the voids became quite irregular as they propagated, as shown in Figures 28(b), 28(c)

and 28(d). The heights of the voids vere larger. Thus, the void contrast was better for the

x-ray image. SEM image shows that thicker-intermetallic compounds (IMCs) of Ni3Sny were

formed between the Ni UBM and solder, as indicated by the arrows in the SEM images in

Figures 29(c) and 29(d). Both the x-ray and SEM images indicate that the voids in samples D

and E became discontinuous. Because the IMC has better electromigration resistance than the

solder, void propagation would be hindered by the IMC grains. To calculate the growth

velocity of the voids, the area of voids was calculated from the x-ray images by a computer

software.

Figure 30(a) shows the area of voids as a function of stressing time for the above five

samples, and it increased with increase in stressing time. The slope between the first two

points was higher. The reason will be discussed later. To calculate the average growth velocity,
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the maximum length along the propagation direction, which is the positive X-axis, was

adopted as the propagation length. Then the growth velocity was calculated on the basis of the

void propagation length and the stressing time. Figure 30(b) illustrates the average growth

velocity for the five samples. It is found the average growth velocity was 1.3 um/h for sample

A. It increased to 1.8 um/h for sample B, and it decreased to 0.6 um/h for sample C, 0.5 pm/h

for sample D, and 0.3 um/h for sample E. In addition, the depletion percentage of UBM

opening was 17.8%, 23.1%, 55.6%, 78.0% and 94.0% respectively for the five samples, as

labeled in Figure 30(b).
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Figure 28. Plan-view x-ray images of fﬁ‘g-gje&qﬁ.ﬁ%‘ﬁtressing for (a) 37.8 h. (b) 110.2 h.
(c) 177.8 h. and (d) 384.0 h. The position of the Al trace was labeled by the dotted

lines in the Figures.
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Figure 29. The corresponding cross-sectional SEM images of the joint in Figures 28(a)
through 28(d).
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velocity against stressing time for the five samples. The depletion percentage of

UBM opening for each sample was also shown in the figure.
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3.4.1 Void nucleation and propagation during electromigration

The incubation time for void formation may be responsible for the low growth velocity
for sample A in the initial stage in Figure 30(b). Under the condition of current stressing, the
incubation time was about 20 hours for the solder joints used in this study. Only a small void
was formed in sample A. Therefore, the velocity was low for sample A. Once the voids were
formed, they propagated more quickly, as shown in sample B. The measured velocity was 1.4
times faster than that of sample A. However, the velocity decreased for samples C, D and E.
The above findings are quite different from those for Al and Cu interconnects. At later stages
of electromigration in Al and Cu interconnects, the growth rate of voids became higher due to
the much higher current density around the voids. In addition, for solder joints with thin-film
UBM, the voids also grew faster at later stages.[17] It is speculated that IMC formation and
compositional changes may be responsiblesfor.the low velocities of our samples at later stages.
For the former, Ni3;Sns may inhibit void propagation as shown in Figures 29(c) and 29(d). For
the latter, solder composition at the IMC/solder-interface changes to pure Sn at later stages, as
also shown in Figures 29(c) and 29(d). Since pure Sn has higher electromigration resistance
than eutectic solder,[27] void propagation would be slowed down at later stages. In addition,
it is reported that current crowding effect is relieved as the voids propagate before depleting
half of the UBM opening,[25] Since the current is spread out more uniformly in the Al pad
directly above the voids. For sample E, current crowding effect become worse, yet the growth
rate decreased to 0.3 pum/h, indicating that IMC formation and compositional change
dominated the growth velocity of voids.

Compared with the growth velocity reported by Zhang et al., the value obtained in this
study was slightly smaller. Their testing conditions were 3.67 x 10° A/em’® at 146°C on
95.5Sn—4.0Ag—0.5Cu solder joints with AI/Ni(V)/Cu thin-film UBM. The growth velocity of

voids they obtained was about 4.4 um/h. In contrast, our testing conditions were 6.5 x 10°
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A/em? at 150°C, which are more severe than theirs. It is speculated that the thick UBM layer
may slow down void propagation. The UBM used in this study was 5-um Cu/3-um Ni. It is
reported that this thick UBM layer can relieve the current crowding effect by a factor of 3.3
times, compared with Al/Ni(V)/Cu thin-film UBM. Therefore, the growth velocity of voids

was slower for solder joints with a thick-film UBM.
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3.4.2 Bump resistance measured by Kelvin bump probes

The Kelvin probes are able to detect the early stage of void formation. Figure 29 shows the
SEM image for another bump stressed by 0.8 A at 150°C for 37.8, 110.2, 177.8 and 384.0
hours. The bump resistance increased from 0.60 mQ to 0.62 mQ after the current stressing,
which corresponds to a increase of 1.03 times. Small voids started to form under the IMC
layer at the left corner of the passivation opening, where current crowding occurred most
seriously in Figure 29(a). Another bump was stressed at the same condition for 110.2 hours,
and the current was terminated when the bump resistance reached 1.2 times of its initial value.
The cross-section image was shown in_Figure 29(b). Larger voids were found in the interface
of the solder and the IMC. The voids almost depleted the passivation opening. However, the
bump resistance increased to only twice of itstmitial value, which was about 0.1 mQ. Under
the stressing conditions, voids started to form at approximately 5% of the failure time, and
they grew for the rest of the stressing time. The incubation time for void formation is
relatively short compared with the failure time. This may be attributed to the fact that the
cross section of the UBM opening is quite large, and thus it takes time for the voids to

propagate and deplete the UBM opening.
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3.5 Investigation of void nucleation and propagation on Joule heating effect

To verify the void nucleation and propagation on Joule heating effect on electromigration,
A sample was stressed for different lengths of time and then examined by Kelvin bump
probes, x-ray microscopy and infrared microscopy. Figures 31(a) to 31(d) show the x-ray
images of the sample stressed at 0.8 A at 150 °C for 0, 50.0, 941.4, and 1087.9 h, when the
bump resistance reached 1, 1.2, 6 and 10 times of its initial value. Larger voids were formed
with the increase in stressing time, and the voids propagated from the left hand side to the
right-hand side. In addition, the voids became irregular as they propagated, as shown in
Figure 31(b) to 31(d).The corresponding IR 1mages were shown in Figure 32(a) to 32(d).
Figure 33 shows that the temperature increases in the Al pad for the bump B3 in Figure 11(d)
when stressed by 0.8 A through bumps B2 and B3.n this case, the average temperature in the
Al pad was obtained by averaging the temperatures in a square of 40 um x 40 um in the
center of the pad, as illustrated by the dotted lines in Figure 32(a). The average temperature
increase due to the current stressing was as high as 14.5 “C before current stressing. Figure 33
illustrates the average temperature increase for the four stressing time and it increased with
the increase in stressing time. It increased to 15.1 “C when stressed by 50 hrs, and it increased
to 17.8 °C when stressed by 941.4 hrs. In addition, the depletion percentages of UBM opening
were 41.3%, 75.2%, and 94.1% for the four current stressing times, as labeled in Figure 33.

An interesting finding is that: Figure 34(a) shows the IR image when current stressing time
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is 1267.9 h, when the bump resistance reached 20 times of its initial value. A hot spot on the

Al trace was found as higher as 22.2 °C under current stressing. To facilitate the observation

of the location of the hot spot, the passivation and UBM openings were marked on the image

by two dotted white circles. After current stressing at 0.8 A at 150 °C for 1267.9 h, the same

sample was examined again by x-ray microscope in Fig. 34(b). Then it was examined by

SEM to reveal the location of voids, as shown in Fig. 34(c).

The increase in bump resistance may enhance the local Joule heating effect. At later stages,

current crowding may become very serious due to the dramatic of the contact opening.
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Figure 31 Plan-view x-ray images of the jOi;It after stressing for (a) 0 h. (b) 50.0 h.
(c) 941.4h (d) 1087.9 h.
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Figure 32. IR images of the joint after stressing for (a) 0 h. (b) 50.0 h. (¢) 941.4 h
(d) 1087.9 h.
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Figure 34. (a) IR image for the hot spot was found by 1267.9 h
(b) X-ray image of the same joint after current stressing. The hot spot was labeled.

(c) Cross-sectional SEM image of the joint.
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3.6 Failure morphology of the flip chip solder joints due to
electromigration
The failure modes for the above stressing conditions are quite similar. Figure 35 shows the
cross-section SEM image for the typical failure morphology. The failure always occurred in
the bump with electron flow from chip side to the substrate side. The UBM layer was

consumed and void formed near the chip side.

Substrate

NCTU SEI 150KV X450 I['_fl,mn_ WD 11.3mm

Figure 35. Cross-section SEM image for the typical failure morphology
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Chapter IV  Conclusions

The Joule heating effect in the solder joints has been investigated using an IR microscope
and a 3D coupled thermal-electrical simulation. The temperature distribution in joints can be
determined thoroughly. A hot spot was found in the vicinity of the entrance point of the Al
trace, which is detrimental to the electromigration lifetime of the solder joints.

Temperature distributions in the Al traces and the Al pads directly above the solder bumps
were measured from 0.1 A to 1.0 A. It is found that the dimension of the Al trace plays a
crucial role in the Joule heating efféct. Under the same stressing current, the solder joints with
longer Al trace had higher temperature increase, and the solder joints with 40-um-wide Al
trace had higher Joule heating effect'than those with 100-um-wide Al trace. These results
indicate that the electromigration life time depends strongly on the dimension of the Al trace,

since the Al trace is the major heat source.

X-ray microscopy can detect void nucleation and propagation in flip-chip solder joints.
The voids nucleated in the vicinity of the entrance point of Al trace, and their shape was quite
irregular. The growth velocity was measured to be around 0.3-1.8 um/h at various stages
under 6.5x10° A/cm” at 150°C for SnPb solder joints with thick-film Cu/Ni UBM. The Joule
heating effect does not increase when small voids are formed. Yet, when larger voids are

formed at later stages of electromigration, temperature in solder joints increases significantly.
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Table I. Thermal conductivities, electrical resistivities, and temperature coefficients of

resistivity for the materials used in the simulation model.

Material Thermal conductivity Resistivity(p€2-cm) TCR
(W/m-°C) at 20°C (10°K™

Silicon 147.00 -- -

Al trace 238.00 2.70 4.2

UBM(Ti+Cr/Cu+Cu) 147.61 5.83 4.9

SnAg3.5 33.00 12.3 4.6

Ni 76.00 6.8 6.8

Cu pad 403.00 1.7 4.3
BT (substrate) 0.70 -- -
Underfill 0.55 -- -
Passivation 0.34 -- -

Note : The materials not given in electric resistivity are assumed to be electrical insulators.
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Table II. Failure time of the solder joints with various lengths of Al traces under current

stressing.
Al-trace 850-um-long, | 1700-pm-long, | 2550-um-long, | 2550-um-long | 2550-pum-long
dimension | 100-um-wide, | 100-um-wide, | 100-um-wide, | 40-um-wide, | 100-pm-wide,

daisy chains | daisy chains

Applied 1.OA 1.OA 1.OA 0.6 A 0.6
current
Failure > 3000 hr 1700 hrs 35 hrs Failed 18 hrs
time instantly
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Table I11.

Material properties used in the lumped thermal resistance model.

Material Chip Solder Underfill Substrate
Thermal conductivity (W/m °C) | 147 50 0.5 0.25
Thermal resistance (°C/W) 0.073 38.9 4.92 85.7
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