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Electromigration (EM) and thermomigration (TM) reliability of Pb-free solder
joints are emerging as critical concerns in advanced packages. In this study, EM and TM
phenomena in Sn-2.5Ag solder joints with thick Cu or thin Ni under-bump metallurgy
(UBM) were investigated.

A series of EM tests were performed to obtain activation energy (Q) and current
density exponent (n), and to understand failure mechanisms. Joule heating was also taken
into account. Q and n values were determined as follows: for Cu UBM solders, O = 1.0
eV and n = 1.5; for Ni UBM solders, O = 0.9 and n = 2.2. Important factors limiting EM
reliability of Pb-free solder joints were found to be UBM dissolution with extensive
intermetallic compound (IMC) growth and current crowding.

IMC growth without current stressing was found to follow the parabolic growth
law whereas linear growth law was observed for CusSns and Ni3Sng under high current
stressing. For Cu UBM solders, the apparent activation energy for IMC growth was
consistent with the activation energy for EM, which supports that EM failure was closely
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related to IMC growth. In contrast, for Ni UBM solders the apparent activation energy
was higher than the EM activation energy. It was suggested that the EM failure in the Ni
UBM solders could be associated with more than one mass transport mechanism.

The current crowding effect was analyzed with different thicknesses of Ni UBM.
It was found that the maximum current density in solder could represent the current
density term in Black’s equation better than the average current density. FEM studies
demonstrated that current crowding was mainly controlled by UBM thickness, metal
trace design, and passivation opening diameter.

A large temperature gradient of the order of 10° °C/cm was generated across the
sample to induce noticeable TM and to compare its effect against that of EM. TM-
induced voiding was observed in Ni UBM solders while UBM dissolution with IMC
formation occurred in Cu UBM solders. However, the relative effect of TM was found to

be several times smaller than that of EM even at this large temperature gradient.
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Chapter 1: Introduction

Trends in semiconductor devices and packages are toward higher performance,
multi-functionality, smaller form factor, and eco-friendliness as shown in Fig. 1.1. This
leads to demands for higher I/O (input/output) and power density, finer interconnection
pitch, and implementation of new materials such as Pb-free solder. To fulfill these
demands it is necessary to address reliability concerns associated with them. In this
chapter, a brief overview for flip chip technologies, reliability issues including
electromigration (EM) and thermomigration (TM) in solder joints are reviewed, and

research objectives for this dissertation are discussed.
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1.1 BACKGROUND

Assembly and packaging is the final manufacturing process transforming
semiconductor devices into functional products for end users. Packaging provides
electrical connection for signal and power, thermal dissipation paths, and
mechanical/environmental protection. Packaging technologies have been developed in
parallel with semiconductor device technologies. Moore’s law, stating the number of
transistors doubles every two years, has proven to be accurate for nearly 40 years (see
Fig. 1.2) and served as a main driver for semiconductor technology innovations. The
transistor count increased from 2,300 in 1971 to 2,300,000,000 in 2010 [1.1]. Over the
same period, the microprocessor die size has grown approximately 7% annually, which
has been accompanied by doubling the frequency every two years, and power has
increased at an exponential rate [1.2]. These trends have also a significant impact on
packaging technology. As the transistor count and frequency increase, the required
number of interconnects between the die and package has to increase to accommodate
increased signal counts as well as to support the increased demand for power and ground.
According to Rent’s Rule, the number of terminal pins, 7, follows a power-law relation
T =tg”, where g is the number of logic gates, ¢ and p are constants (p < 1.0, and
generally 0.5 < p < 0.8) [1.3]. This has changed the first-level interconnect technology
from peripheral wire bonding to area array flip-chip bumping. The flip-chip solder pitch
is projected to continuously decrease to meet these requirements according to

International Technology Roadmap for Semiconductors (ITRS) [1.4], as seen in Fig. 1.3.
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Meanwhile, the microelectronics industry is approaching the limit of traditional
CMOS (complementary metal-oxide—semiconductor) scaling [1.4]. The continued
growth of the industry, driven by a continuous reduction in cost per function, will require
new device types and materials. There will be a gap between the time when CMOS
scaling can no longer follow the Moore’s law and the time when a new generation of
device architectures and materials is developed to support the continuous drop in cost per
function. As the traditional Moore’s law scaling becomes more difficult to attain,
assembly and packaging offers another route to improve in both cost and performance for
microelectronic systems. As a result, the industry is putting more efforts on packaging
technology innovations to fill this gap. Recent advances in system-in-package (SiP) and

3D integration using through-silicon-via (TSV) are a few examples [1.4]. In these new
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types of packages, solder bumping technology can also be a viable solution for die-to-die
or die-to-interposer interconnection.

Traditionally, lead-tin (Pb-Sn) alloys have been widely used as solder alloys in
microelectronics. However, due to the potential hazards associated with the toxicity of
Pb, regulations to ban the use of Pb in electronics have been established by the European
Union (EU) through the Waste Electrical and Electronic Equipment (WEEE) Directive
and Restriction of Hazardous Substances (RoHS) Directive. The RoHS directive took
effect on July 1, 2006, with some exceptions [1.5]. Although Pb in solders used for flip
chip packages are currently exempt from the RoHS directive [1.6], the electronic industry

is pushing ahead toward complete elimination of Pb in all products [1.7].

1.2 FLIP CHIP TECHNOLOGY

1.2.1 Overview

Flip chip is one of the advanced methods of the first-level interconnection —
electrically connecting the chip (die) to the package carrier. Other, more conventional
methods include wire bonding and tape automated bonding (TAB). Schematic diagrams
of these three interconnection methods are illustrated in Fig. 1.4.

Wire bonding is a technique where fine metal wires (typically Au or Al) are
individually connected between the I/O pads on a chip and the substrate pads. This
technology originated from AT&T’s beam lead bonding in the 1950°s [1.8]. This is the
oldest and most widely used technology in the first-level interconnection. By virtue of its
flexibility derived from the point-to-point process and high reliability, wire bonding
accounts for approximately 90% of all the chip-to-package interconnections [1.9]. Cu

bonding wires are currently being developed to prevent bonding failure due to the



formation of the brittle Au-Al intermetallic compounds and to save manufacturing cost
while achieving superior electrical, thermal, and mechanical performance [1.10].
However, the maximum number of I/O is limited because only the periphery of the chip
can be used for wiring as shown in Fig. 1.5(a). Also, due to its long wire loops, the
resistance and inductance are relatively high, which can degrade electrical performance.
TAB, which was invented in mid 1960’s, involves mounting and interconnecting
integrated circuits (ICs) on metallized flexible polymer tapes (Fig. 1.5(b)). The
interconnection between the chip and the tape lead is accomplished through gold or
solder bumps which are placed either on the chip or on the tape. Subsequently, the tape
lead is bonded to a substrate or package [1.9]. Although TAB can handle slightly higher
I/O counts than wire bonding, the maximum number is still limited since only the
periphery is used for interconnection in most cases. Other shortcomings include limited

production infrastructure, process inflexibility, and high cost [1.8].

Wirebond TAB Flip Chip

Epoxy Active Inner Lead Bond Active
face Encapsulation Face
I TAB Beam

Wire

Adhesive

Lead Bumps
Underfill

CHIP CARRIER

Figure 1.4: First-level (chip-to-package) interconnection techniques [1.8].
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Figure 1.5: Examples of (a) wire bonding [1.11], (b) TAB [1.12], (¢) flip-chip solder
bumps [1.13], and (d) flip-chip package (Intel 32 nm processor) [1.14].

In contrast to wire bonding and TAB, flip chip can utilize the entire area of a chip
to achieve the chip-to-package interconnection, usually through an area-array bump
structure. This process was first introduced by IBM in 1964 for ceramic substrates as the
Solid Logic Technology [1.15], which was converted to the Controlled Collapse Chip
Connection (C4) in 1969 [1.16]. In this process, semiconductor chips are “flipped over”

with their active face down, and bonded directly to a printed circuit board or chip carrier
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substrate. The most common method of flip chip interconnection is by reflowing solder
bumps. Another method is thermocompression bonding of non-solder bumps with
polymer-based electrically conductive adhesives (ECAs) [1.17]. Non-solder bumps
include Au or Cu stud bumps, Au plating bumps, and electroless Ni/Au bumps. Isotropic
conductive adhesives (ICAs) or anisotropic conductive adhesives (ACAs) are used as
ECAs. Although the second method holds advantages including low processing
temperature and fine pitch application, it is not adequate for high-end applications due to
its high bonding pressure and inferior current carrying capability. In this regard,
discussion of flip-chip process and technology will be only on the first method hereafter.
Figures 1.5(c) and (d) show an example of a flip chip package. Although flip chip
technology has been in manufacturing for nearly 40 years, it is gaining momentum only
recently to accommodate for ever-increasing demand for improving I/O density, pin
counts and electrical performance [1.18]. The maximum capability for I/O count in
2010 is expected to be 1000 for wire bonding, 2000 for TAB, and 10000 for flip chip
[1.8]. In addition, flip chip provides a superior electrical performance including
extremely low resistance, capacitance, and inductance per joint. This allows the chip to
operate at very high frequencies (up to 100 GHz) [1.9]. Therefore, flip chip has emerged
as the most viable solution for high-end devices such as MPUs, graphics processors, and

high performance application-specific integrated circuits (ASICs).

1.2.2 Solder Bumping Processes

Flip chip bonding typically involves the electrical and mechanical
interconnections by solder bumps between the chip and the carrier substrate. Figure 1.6
illustrates the most common solder bumping processes including electroplating and

solder paste printing (stencil printing). The solder joints used in this study were
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electroplated Sn-2.5Ag solders with electroplated Cu or Ni under-bump metallurgy
(UBM). The general process flow for solder bumping by electroplating is as follows:

1. Sputter TiW/Cu or Ti/Cu seed layers;

2. Spin-coat photo-resist layer, followed by baking;

3. Expose and develop desired pattern over the Al or Cu bond pads;

4. Electroplate Cu or Ni;

5. Strip photo-resist pattern;

Selectively etch Cu seed layer followed by TiW or Ti layer;

-

Reflow solder bumps;

8. Flux clean.

1.2.2.1 Evaporation

Evaporated bumps were the original flip chip approach pioneered by IBM 40
years ago with high-lead solder. However, the geometry of evaporators, directing a
stream of material in straight lines from a small source to an entire wafer, can not be
readily scaled up to accommodate larger wafers. In addition, many of the proposed Pb-
free alloys have greater than 90 wt.% Sn content. The extremely low vapor pressure of Sn
makes it evaporate more slowly than Pb. This requires a longer deposition time, which
reduces the manufacturing throughput and increases operating costs. Generally,
evaporators waste more material than is deposited. This is wasteful since Sn is more
expensive than Pb. As a result, evaporating Pb-free bumps onto 300mm wafers appears to
be infeasible although evaporation will remain important for smaller wafers for many

specialty applications [1.17, 1.19, 1.20].



1.2.2.2 Electroplating

Electroplating has long been the preferred method to produce excellent quality,
fine pitch solder bumps. However, some proposed Pb-free alloys will make electroplating
difficult. The large electrochemical potential difference between Sn and Ag in these
alloys requires special handling. Electroplating of ternary and quaternary lead-free alloys
will further increase the process complexity and cost since the difficulties in controlling
the bath chemistry and avoiding contamination increase with the number of baths
required. Larger wafers also increase the difficulty of maintaining uniform plating bath
concentrations and current densities across the entire wafer. Non-uniformities cause
plating thickness and deposition rate variations, raising bumping costs and lowering

bump quality [1.17].

1.2.2.3 Stencil Printing

Stencil printing of solder paste is easily adapted to Pb-free solders since the paste
is available in a wide range of alloys. However, stencil printing is limited to bump pitches
greater than 150 pm. Printed solder paste shrinks during reflow, requiring a starting paste
print area substantially larger than the resulting bump. The molten spheres must be well
separated during reflow to avoid solder bridging. The printing process, forcing paste
through stencil holes, may introduce voids within the bumps. Variations in the volume of
deposited paste cause bump height variations. Maintaining precise stencil alignments
across the wafer becomes more difficult for larger wafers, affecting cost, quality, or both

[1.17].
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1.2.3 Under Bump Metallurgy (UBM)

Flip chip processes require UBM deposition prior to solder bumping. UBM
provides a critical interface between metal pads of the IC chip and solder bumps. It
should satisfy the following requirements [1.18, 1.21]:

e Good adhesion to the wafer passivation and the final metal pad (Al or Cu);
e Protection of the final metal pad from the environment;

e Low contact resistance between the metal pad and the bump;

e Effective barrier to solder diffusion into the metal pad;

e Seed layer for solder wettability.

UBM usually consists of a multi-layer metal stack to fulfill the above functions.
Ti and TiW are most common adhesion/barrier layers in UBM stacks. Cr was used in the
past, but has been eliminated due to environmental issues associated with etching of Cr
[1.21]. Cu has been widely used as a solderable layer that reacts with Sn to form
intermetallic compounds (IMCs). However, a thick layer of Cu is necessary with Pb-free
solders because the high Sn content in Pb-free solders results in rapid consumption of Cu.
Alternatively, Ni can be used as a solderable layer as well as a barrier layer because of its
much slower reaction rate with Sn. However, the thickness of Ni needs to be controlled

since the residual stress of the Ni film is typically high [1.21, 1.22]

1.2.4 Pb-Free Solder Alloys

At present, nearly all Pb-free solders are Sn-based alloys. These include eutectic
Sn-3.5Ag with alloying elements of Bi, Cu, Sb, In, or Zn. Other alloys based on the Sn-
Cu, Sn-In, Sn-Sb, Sn-Bi, and Sn-Zn systems have also been proposed. Table 1.1 listed the
potential Pb-free solder candidates. Also, a narrow two-phase region (temperature

12



difference between liquidus and solidus) is desired because it prevents the joint from
moving and becoming disturbed during solidification. Binary or ternary near-eutectic
alloys are also desired because these simpler alloys reduce the potential for compositional
variations that affect the behavior of the solder joint. Based on these criteria, Sn-3.5Ag,
Sn-0.7Cu, and Sn-3.8Ag-0.7Cu are among the promising flip-chip solder alloys [1.23].
Eutectic Sn-Bi and eutectic Sn-In have low melting points. Due to relative poor high
temperature mechanical strength, lack of ductility (for Sn-Bi alloys), high cost (for Sn-In
alloys) and limited resource, these alloys are finding very limited applications in the
industry [1.24]. Sn-Zn or Sn-Zn-Bi alloys have significant processing difficulties due to
the rapid oxidation behavior of Zn in the molten state and corrosion susceptibility of the
alloy after solidification [1.23, 1.24]. Sn-Sb alloy has a wide two phase region and the
liquidus temperature is too high for chip attachment to organic substrates. Sn-Ag-Bi alloy
also has a wide two-phase region. Sn-Ag-Cu-Sb would damage the die in flip-chip
applications due to the high strength of the alloy [1.23].

Below eutectic temperatures, equilibrium phases of Sn-Ag, Sn-Cu, and Sn-Ag-Cu
alloys consist of a Sn-rich phase and an IMC. For example, the Sn-rich phase is in
equilibrium with Ag;Sn in the eutectic Sn-Ag alloy below 221°C as shown in Fig. 1.7.
Since metallic Sn (white tin or f-Sn) has the body-centered tetragonal lattice structure
and tends to deform by twinning, its mechanical and electrical properties are anisotropic.
Sn-based solder alloys are expected to have anisotropic properties, too. Thus the
dispersion of the IMC may lead to inhomogeneous microstructures, such as large plate-
type AgzSn. To avoid the formation of such large plate-like IMC which can make the
solder more brittle, the Ag concentration in the solder should be less than 3% [1.26]. A

plate-type Agz;Sn phase was not observed in Sn-2.5Ag investigated in this study.
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Table 1.1:  Sn-based Pb-free solder alloys [1.25].

Alloy system Composition (wt.%) Melting point or range (°C)
Sn-Bi Sn-58Bi (eutectic) 138
Sn-52In (eutectic) 118
Sn-In
Sn-50In 118-125
Sn-Zn Sn-9Zn (eutectic) 198.5
Sn-Bi-Zn Sn-87Zn-3Bi 189-199
Sn-Cu Sn-0.7Cu (eutectic) 227
-3.5A tecti 221
Sn-Ag Sn-3.5Ag (eutectic)
Sn-2Ag 221-226
Sn-3.5Ag-3Bi 206-213
Sn-Ag-Bi ks ek
Sn-7.5Bi-2Ag 207-212
Sn-Ag-Cu Sn-3.8Ag-0.7Cu (eutectic) 217
Sn-3.0Ag-0.5Cu 218
Sn-Ag-Cu-Sb Sn-2Ag-0.8Cu-0.5Sb 216-222
Sn-Sb Sn-5Sb 232-240
Sn-Au Au-20Sn 280
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Figure 1.7: Phase diagram for Ag-Sn system [1.27].
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1.2.5 Imtermetallic Compounds (IMCs)

Upon solder reflow, IMC layers form at the interface between the molten solder
and metal substrate (or UBM). For the Cu-Sn reaction, Cu3;Sn and Cu¢Sns are stable
phases according to the phase diagram shown in Fig. 1.8(a). However, it has been
reported that the CuszSn phase did not appear immediately but appeared after a certain
amount of reflow time or solid-state annealing time [1.24, 1.28-1.30]. The CusSn phase
has been shown to grow at the expense of the CugSns phase. As the Cu3Sn phase
expanded, Kirkendall voids were found in the Cu3Sn phase near the Cu/Cu3Sn interface
[1.31]. According to Yang and Messler, Kirkendall voiding is only observed with
electroplated Cu because the Kirkendall void formation is facilitated by hydrogen
entrapment in the electroplated Cu deposit [1.32]. The morphology of the CusSns phase
changes from scallop-type to layer-type with aging time [1.30, 1.33].

In the Ni-Sn system, NizSns has been observed to grow at the Ni/Sn interface
[1.34-1.41] while there are three thermodynamically stable IMCs, NizSn, Ni3Sn,, and
NiszSny4, according to the phase diagram shown in Fig. 1.8(b). The initial morphology of
the Ni3Sny phase is scallop-like or needle-like [1.37, 1.40-1.42]. It is interesting to note
that if solder alloys containing Cu, such as Sn-Ag-Cu alloys, react with Ni, (Cu,Ni)sSns
forms and grows at the solder/Ni interface [1.43]. During thermal aging, the growth of
12

both Cu-Sn and Ni-Sn IMCs were found to follow the parabolic growth law (¢

dependence), indicating that the growth is diffusion-controlled [1.5, 1.24, 1.28-42].
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1.3 ELECTROMIGRATION AND THERMOMIGRATION PHENOMENA IN SOLDER JOINTS

1.3.1 Overview

As seen in Fig. 1.3, the solder bump pitch in flip chip packages is expected to be
reduced by ~30% in the next 10 years. Assuming that the current applied to a solder joint
remains the same, the current density will increase by a factor of 2. In today’s circuit
design, each power bump may carry 0.2 A [1.44]. Under this condition, the average
current density in a 50 pm solder bump will reach 10* A/cm?, while the current density at
the passivation opening (contact area between a bond pad and UBM) will be even larger.
This current density level is about two orders of magnitude lower than that for Al or Cu
interconnects in BEOL (back-end-of-the-line). However, electromigration (EM) can still
be a serious reliability concern in flip-chip solder joints at such low current density
because solder alloys have a low melting point, high diffusivity, and a large effective
charge number [1.44, 1.45]. Furthermore, IMC growth is enhanced by current stressing.
This is more prominent in Sn-based Pb-free solders. Not only this can accelerate voiding
by flux imbalance, but also degrade the mechanical reliability and electrical performance
of solder joints due to the brittle, highly stressed, and highly electrically resistive nature
of IMCs.

As the device feature size decreases and power density increases, local hot spots
can be created. Heat dissipation from die to package substrate would be less efficient due
to the smaller size of solder bumps. Thus, the temperature gradient in solder joints can
increase to induce thermomigration (TM) [1.46]. TM or the Soret effect is a forced-
diffusion driven by a temperature gradient. During EM testing metal traces on the die are
major Joule heat sources [1.47]. This could cause the die side to be hotter than the
substrate side. When the temperature gradient in a solder joint is large enough, the effect
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of TM may occur along with EM. Hence, it is important to understand EM and TM

together for Pb-free solder joints in flip chip packages.

1.3.2 Electromigration

1.3.2.1 Fundamentals of Electromigration (EM)

EM is defined as a mass transport phenomenon in metals due to momentum
transfer between conducting electrons and diffusing metal atoms under an applied electric
field. The driving force for EM consists of two parts: (1) the interaction of the inherent
charge of each metal ion with the electric field (electrostatic force, F¢)), and (2) the
momentum transfer of electrons onto the metal ions (“electron wind” force, Fyq).

Combining both effects, the effective driving force is expressed as [1.48]:

Foy=F,+F =(Z,+Z,)eE=2"eE=Z"epj, (1.1)

where Z, is the nominal valence of the metal ion, Zyq4 is the assumed charge number
accounting for the momentum exchange effect, e is the electron charge, £ is the electric
field, Z" is called the effective charge number, p is the resistivity, and j is the current
density. Z represents the net force exerting to a metal ion by electrons. Z is positive
while Zyq is usually negative. Typical Z values for pure metals were found to be of the
order of -10" to -10? [1.49] The drift velocity, vy, of the moving ions under EM is

described by using the Nernst-Einstein relationship as

D _. .
vy = My, =EZ eq (1.2)
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where u is the mobility of metal ions, D is the diffusivity, & is the Boltzmann’s constant,

T is the absolute temperature. The atomic flux driven by EM, Jgy, is then given by

D _. .
Jem =Cv, :Ck_TZ eg, (1.3)

where C is the concentration of atoms per unit volume. From Egs. (1.2) and (1.3), it can
be found that the DZ" product at a given condition (temperature and current density) is a
key parameter determining the EM reliability.

While the equations described above provide a general description of EM in bulk
materials as well as in thin films, they need to be modified to account for the effect of
stress-induced backflow in interconnect lines observed by Blech [1.50]. Under EM, the
electron wind pushes metal ions toward the anode end while vacancies migrate toward
the cathode end. Thus, hydrostatic tensile and compressive stresses are gradually built up
at the cathode end and anode end, respectively. The resulting stress gradient drives metal
atoms back towards the cathode end resulting in mass transport against the direction of
electron wind force. This phenomenon is called the “Blech effect”. The driving force for

the backflow, F,, can be written as:

F, =% (1.4)
dx

where Q is the atomic volume, ¢ is the hydrostatic stress in the metal. Consequently, the

net atomic flux and the drift velocity are expressed as
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D _. D Qdo
J=J.,+J =C—Z7 —C——, 1.5
e =t P T (15)
. do
=—(Z —Q—). 1.6
| kT( e dx) (1.6)

If one takes J = 0 or v; = 0 with approximating do/dx to Ao/Ax and replacing Ax by the

interconnect line length, L, a threshold value or critical product, (jL)., is obtained as:

QAo

1y =
(JL). Zep

: (1.7)

below which the net mass transport vanishes. Therefore, at a given current density EM
damage in interconnect lines can be minimized by choosing the line length below the
critical value, L.. Also, the EM reliability can improve by increasing Ao. This is
accomplished by optimizing the design and material to enhance the confinement effect

[1.51].

1.3.2.2 EM in Solder Joints

EM in solder joints are differentiated from that in BEOL Al or Cu interconnects
for several reasons. First, solder alloys usually consist of at least two components, rather
than one as in interconnects. For solder materials, lattice diffusion is the dominant
diffusion mechanism because of their low melting point [1.44]. Second, typical UBM
materials such as Cu and Ni are noble or near-noble metals, which are fast diffusing
species in Pb and Sn by an interstitial diffusion mechanism [1.45, 1.52-1.54]. Third, the

EM-driven diffusion encounters multiple phases including UBM, IMCs, and solder. IMC
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growth is enhanced by EM, which could govern the mass transport. Fourth, the cross-
sectional area changes abruptly when a current passes from a metal trace line on the die
to a solder bump. This leads to non-uniform distribution of current density in solder
joints, which causes the current crowding at the inner corner of the passivation opening
area. This has been known as a critical factor controlling EM reliability [1.55]. Also,
since the electric power is proportional to I’R (I: electric current, R: resistance),
significant Joule heat can be generated during EM testing with a high applied current,
mainly from the thin metal trace on the die [1.56]. This makes it difficult to determine the
solder temperature accurately, which could affect parameters deduced from EM test
results.

EM failure in Pb-alloy solders can be classified in two ways: (1) the mass
transport of major constituents of solder alloys such as Pb and Sn; (2) the mass transport
of minor constituents such as fast diffusers from UBM or substrate. EM of Pb or Sn can
lead to voids or extrusions, which eventually cause open or short circuits [1.57-1.60].
Fast diffusion of Cu or Ni in UBM can induce the dissolution of UBM and the formation
of interfacial IMC layers. This can lead to circuit failures by dewetting of the solder from
the contact or by interfacial fracture [1.61].

Phase separation was observed in eutectic Sn-Pb solder joints under EM [1.26,
1.58, 1.60, 1.62]. Figure 1.9 shows the microstructure of eutectic Sn-Pb solder bumps
after current stressing of 2.25 x 10* A/em” at 150°C. A Pb-rich phase accumulated at the
anode side while a Sn-rich phase accumulated at the cathode side. This is because the
diffusivities of the two components are different. It has been reported that under current
stressing, Pb was found to be the dominant diffusion species at temperatures above

100°C, while Sn was dominant at temperatures below 100°C [1.63].
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Figure 1.9: Cross-sectional SEM images of the current stressed eutectic Sn-Pb solder
bumps at 150°C for 6 h, taken from [1.62]. Electrons flowed (a) from the
substrate side to the chip side, and (b) from the chip side to the substrate
side.

Figure 1.10 shows composite solder joints (high Pb solder on the die side and
eutectic Sn-Pb solder on the substrate side) with 5 um Cu UBM, under current stressing
[1.64]. At the upper left corner of the UBM, IMC grew and UBM depleted, followed by
void formation. This was due to the current crowding that occurred where the metal trace
with a small cross-section meets the solder joint with a large cross-section. This led to a
“pancake-type” void propagation as illustrated in Fig. 1.11. As voids form, the current
crowding region moves toward the void front, where the subsequent void propagation
takes place. In this way, voids propagate through the interface tracking the current
crowding. This is a common failure mode by EM especially when UBM is relatively thin
[1.55, 1.64-1.67]. The current density at the current crowding region was found to be
about one order of magnitude higher than the average current density at the interface.
This makes EM in solder joints more serious. The current crowding can also cause the

EM failure rate to be different depending on the current polarity. Typically, solder joints
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with electrons passing toward the substrate side fail much faster than those with electrons

moving toward the die side.

Figure 1.10: SEM images of cathode side of composite (97Pb-3Sn on the die side and
63Sn-37Pb on the substrate side) bumps after current stressing of 2.25 x 10*
A/em? at 155°C. (a) Before current stressing, (b) after 3 h, (c) after 12 h, (d)
after 18 h, and (e) after 20 h [1.64].
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Figure 1.11: Schematic illustration depicting the cross-section of a solder joint with
pancake-type void formation and propagation in eutectic Sn-Pb solder
[1.55].

1.3.2.3 EM of Fast Diffusers in Solder Alloys [1.68]

The noble and near-noble elements such as Cu, Ag, Au, and Ni are known as “fast
diffusers” in Pb and Sn that diffuse interstitially. They play an important role in solder
joint reliability since they does not only diffuse extremely fast compared to other
elements, but also form IMCs with solder constituents. Pb has a close-packed face
centered cubic (FCC) lattice, while metallic Sn has a body centered tetragonal (BCT)
lattice. Both of these structures contain relatively large interstitial sites that can
accommodate the smaller fast diffuser atoms without significant strain. Because
interstitial diffusion does not require a vacancy for the diffusing atom to jump into, the
vacancy formation term is absent in the diffusivity equation. Instead, the diffusing atoms
need to be small enough to fit into the interstices of the host metal lattice. Diffusion of Ni

is 10°-10° faster than Au and Ag in Sn because the atomic radius of Ni (1.246 A) is
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smaller than those of Au (1.442 A) and Ag (1.445 A). However, atomic radius is not the
only determining factor. With Pb, chemical affinity or valence effects are also important
factors. Also, the size effect is more prominent in Sn than Pb.

There is a strong inverse correlation between diffusivity and solubility. Sn has a
substantial solubility in Pb, and the diffusivity of Sn in Pb is 5 orders of magnitude lower
than Cu at 100°C. The solubility of Cu in Pb is estimated in the parts-per-million (ppm)
range. The fastest solid state diffusion known is Ni in Sn, where the solubility is almost
unmeasurable 10 parts per billion (ppb). This low solubility may limit mass transport.
Instead, IMCs tend to form with fast diffuser elements in Pb and Sn. Therefore, EM-
induced metallurgical changes could impact the reliability of solder joints. For example,
the appearance of a AuzSn layer due to EM at an interface may generate cracking. The
low solubility is more than compensated by the very high diffusivity in defining the mass

flux of the mobile components in solder interconnects.

A. EM of Fast Diffusers in Pb and Pb-Based Alloys

Noble metals exhibit rather weak EM characteristics (Z* ~ 1) in Pb alloys and can
be directed toward the anode or the cathode. Ni appears to be more susceptible to EM
than the noble metals, exhibiting a higher value of Z". In all cases, the diffusion rates are

exceedingly fast.

Behavior of Ag
In pure Pb and dilute Pb-Sn alloys, Ag is pushed toward the cathode under EM.
As the Sn concentration increases beyond 12%, the direction of migration reverses
toward the anode. The absolute Zs, was found to be on the order of 1 or less, either

positive or negative. In Pb-In alloys, ZAg* was observed to decrease with the addition of
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In, but a reversal of the direction of migration was not observed [1.69]. The diffusivity of
Ag increases with the addition of Sn as well as In. The increased diffusivity of Ag with
the addition of In is remarkable, being over 60 times greater for a 30% In alloy than pure
Pb in 200°C. The activation energy for diffusion also decreased from 0.63 to 0.38 eV as

the In content increased from 0 to 45%.

Behavior of Cu
In pure Pb, Zc, was positive (~+1) moving toward the cathode, like Ag [1.70].
However, there was no measurable temperature effect, unlike Ag. Cu exhibits the highest
diffusivity and the lowest solubility in Pb among the noble metals. In both Pb-Sn and Pb-
In, Zc, remains essentially unchanged with increases in alloying element. The diffusivity
of Cu decreases sharply with increasing Sn or In. The binding energy of Cu with Sn is

estimated at 0.3 eV.

Behavior of Ni

In pure Pb, Ni was observed to migrate toward the anode, but Zni values (~-5)
were substantially higher than any of the noble and semi-noble metals [1.71]. In addition,
there was a marked increase in Zy; at low temperatures with increasing Ni from 0.1 to 3
ppm.

In Pb alloys as well, EM of Ni was toward the anode. Correspondingly, Zni was
found to be much higher at lower temperatures than high temperatures, with the absolute
values at least 1 order of magnitude larger for the noble metals. The behavior of Ni with
additions of Sn or In to the Pb matrix was found to be very different. Sn additions
reduced Zyi , whereas In additions increased Zy;i . The diffusivity of Ni was observed to

be considerably retarded by Sn and In in Pb-Sn and Pb-In alloys. The Ni-to-Sn and Ni-to-
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In binding energies were estimated at 1.25 and 1.1 eV, respectively. It has been suggested
that EM failure in eutectic Sn-Pb alloys is attributed to Ni migration and EM-induced

IMC dissolution at interfaces [1.61].

B. EM of Fast Diffusers in Sn and Sn-Based Alloys

It is well known that Sn acts very much like Pb as a host for fast diffusers.
However, an important difference stems from the different lattice structure. Diffusivity in
Pb is independent of the orientation because Pb is FCC. In contrast, in metallic Sn which
is BCT, the diffusivity is remarkably different between parallel and perpendicular
direction to the c-axis of the Sn lattice. This is also true for self-diffusion. For fast
diffusers, the ratio of the diffusivity typically varies by a factor of 30-40 at 200°C.
Because of the effects of the anisotropic lattice structure, EM studies for fast diffusers in

Sn have been performed with single crystals.

Behavior of Ag and Au
EM of Ag parallel to the c-axis was observed to exhibit ZAg* of about -2
independent of temperature. For Au, Zx, was also insensitive to temperature, which was

approximately -9. However, Zx, perpendicular to the c-axis was observed to be about

half of this value [1.72].

Behavior of Ni
Ni is the most interesting fast diffuser in Sn. Perpendicular to the c-axis, Ni
diffusion in Sn was found to be fast with an activation energy of 0.5 eV. This is not very
different from the other fast diffusers. In contrast, parallel to the c-axis, Ni diffuses

extraordinarily fast, with extremely low activation energy of less than 0.2 eV [1.73]. In
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fact, the solid state diffusion of Ni in Sn at 100°C is faster than diffusion of noble metals
in liquid Sn at more than 232°C. The ratio of diffusion parallel and perpendicular to the
c-axis is more than 10> at 120°C, which is the greatest directional dependency known.
EM of Ni in Sn is unusually high, similar to the case in Pb. Zy; perpendicular to the c-
axis was found to be -36 at 203°C and to rise to -67 at 166°C, which exhibits a significant
temperature dependence. The fast diffusion of Ni in Sn and the unusually high ZNi* could

cause reliability problems.

1.3.2.4 EM-Enhanced IMC Growth

In order to calculate the mass transport in solder joints, the flux driven by
concentration gradient also needs to be taken into account, and Eq. (1.5) should be
modified to
ac c D Qdo

+JG=Cflz}g—D——
kT dx kT dx

J=Jgy +J : (1.8)

chem

where Jhem denotes the atomic flux driven by a concentration gradient. Equation (1.8)
needs to be solved in each phase if there exist multiple phases, to calculate the vacancy
flux and IMC growth.

Recently, Chao addressed this problem for a Cu-Sn diffusion couple by using a
numerical method [1.74]. The last term in Eq. (1.8) was ignored in his analysis since the
interstitial diffusion of Cu in Sn was not expected to generate a significant back-stress.
By assumption, diffusion processes in every phase were through substitutional
mechanism. Figure 1.12 describes the concentrations of two adjacent phases near their

respective interfaces. The velocity of the interfacial movement is derived as:
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where a and f represent the two adjacent phases separated by the interface of interest, C,p
and Cg, represent the composition of the two phases at this interface. The two relevant

parameters, interdiffusion coefficient, 5, and effective interdiffusion electromigration

coefficient, 5 , are defined as follows:

5[ :XCu,iDSn,[ +X ‘DCu,[’ (110)

Sn,i

~

¢i = DSn,i¢Sn,i - DCu,[¢Cu,i H (1 1 1)

*

where ¢ is the electromigration factor defined as ¢:§—Tep. And the rate of local

vacancy concentration change, R(x), is given by

oJ o’C
R(x)=——=—(D, —Dg,)
Ox

~.0C
g, 1.12
") o P ax (1.12)

where J, is the vacancy flux.
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Figure 1.12: Concentration profile near a phase boundary [1.74].

Equations (1.9)-(1.12) were solved by using a finite difference method. Some
selected results are shown in Figs. 1.13 and 1.14. The effect of EM on IMC growth was
found to be significant especially for CusSns. The growth kinetics nearly followed the
linear time dependence under current stressing whereas the parabolic growth law
typically governed thermal aging cases. It is also noted from Fig. 1.14 that vacancies
tended to move toward the Cu UBM from the Sn solder. This analysis suggests that IMC
growth can be an important factor controlling the EM reliability of Sn-based Pb-free

solder joints.
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Figure 1.13: Simulated EM-enhanced IMC growth [1.74].
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Figure 1.14: Simulated vacancy flux as a function of current stressing time [1.74]. The

1.3.3 Thermomigration (TM)

1.3.3.1 Fundamentals of Thermomigration (TM)

negative sign indicates that the vacancy flux is moving in the direction from
the Sn solder to the Cu UBM.

TM, also known as the Ludwig-Soret effect or Soret effect, is mass transport

driven by a temperature gradient. This can make a homogeneous alloy inhomogeneous

under a temperature gradient. TM can also take place in pure metals. Although the
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physical basis behind TM is not well established, the most accepted theory is analogous
to EM, in that momentum exchange occurs from collision of diffusing atoms and
conducting electrons. The energy and momentum of electrons at higher temperatures is
greater than at lower temperatures. The gradient in the momentum exchange produces a
driving force for mass transport [1.68]. The driving force for TM is represented as:

Q" dT

F.=—2% 1.13
™ T (1.13)

where Q* is defined as heat of transport, and T is the absolute temperature. Q* has a unit
of (heat) energy, and thus can be interpreted as the difference between the heat carried by
the migrating atom and the heat of the atom at the initial state (the hot end or the cold
end) [1.26]. Q* can be positive or negative depending on the direction of migration,
similar to Z. For Q* > 0, the flux is from the hot end to the cold end; for Q* <0, the flux
is from the cold end to the hot end. For metals with a high Z, Q* should be
correspondingly high as well [1.68]. The flux equation of TM is then expressed as:
D adr

Joy =—-C—=""" 1.14
™ kT T dx (1.14)

The jump mechanism or mean jump frequency is not changed by the temperature
gradient at any given temperature. However, the temperature gradient biases the direction
of jumps.

TM can cause a uniform single-phase solid solution (e.g. interstitial alloys) to
become nonuniform. This creates a concentration gradient, which acts as opposing TM.

Thus the flux equation is modified to:
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J=dpy Ty =—c 2L dT_ ,dC

—_— 1.15
chem kT T dx dx (1.15)

When a steady state is reached, i.e. J = 0, the net effect of TM will vanish and a constant

concentration gradient will be maintained. In this condition,

dinC Q" dT
dx kT* dx

(1.16)

Using Eq. (1.16), Q" can be determined from a concentration profile of solute atoms at a
given temperature gradient.
If a diffusion occurs through a vacancy mechanism, the effect of stress-induced

backflow can also exist, similar to that of EM. Then

D Q' dT D Qdo

J=Jy+J, =—C—=——-C : 1.17
™ kT T dx kT dx (1.17)
Subsequently, at J =0,
[L(d—Tﬂ _ QAo (1.18)
dx )|, O

where the specimen length, L, replaced Ax. Equation (1.18) is a critical product below
which no net effect of TM exists [1.26].
If all possible driving forces for atomic migration are concurrent, the net flux will

be governed by
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1.3.3.2 TM in Solder Joints

In most solids except refractory and transition metals, Q" is rather small, and TM
has generally a negligible effect [1.75]. For typical good conductors used as interconnect
lines, the ratio of the driving force for TM to that for EM is in the order of 107. In
contrast, this ratio is about 0.5 for solder joints, taking p to be 107 Qm; Js 10* A/cmz; Z*,
10; T, 400K; dT/dx, 103K/cm; Q*, 0.2 eV. The value of Q* was estimated for Cu in Pb by
Lloyd using Eq. (1.16) [1.68]. Therefore, the effect of TM in solder joints could be quite
comparable to that of EM in cases where a high temperature gradient is present.

TM in flip chip solder joints was first discussed by Ye ef al. [1.76]. They found
voids on the die side in eutectic Sn-Pb solder joints in which electrons flowed from the
substrate side to the die side. This could not be explained by EM, and they reported it was
because TM accompanied EM. The major heat source which makes the die side of solder
joints hotter than the substrate side is known to be the thin metal trace on the die carrying
an electric current. Also, due to the current crowding, the current density distribution in
solder joints is not uniform. This can also play a role in setting up the temperature
gradient in the solder. Using a finite element method (FEM), Ye estimated the
temperature gradient in the solder to be ~1500 °C/cm.

Because Si is a good thermal conductor, the unpowered solder joints adjacent to
powered solder joints can experience a similar thermal effect. Figure 1.15 shows a
damaged unpowered bump due to TM at an ambient temperature of 150°C. The adjacent

powered solder joints were under 1 A of current stressing. The redistribution of Pb-rich
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and Sn-rich phases occurred such that the Pb-rich phase moved toward the cold end while

the Sn-rich phases moved toward the hot end.

i-.'-n-‘.-q.--—r. g

Figure 1.15: Composite (97Pb-3Sn with eutectic Sn-Pb) solder joints (a) before testing,
and (b) after TM [1.77].

In a recent study on a bulk eutectic SnPb solder without current stressing, the Pb
phase was found to deplete from the hot end under the constant temperature gradient of
1000 °C/em although voiding was not observed [1.78]. The heat of transport was
estimated to be 22.16 kJ/mol, which is equivalent to 0.23 eV.

TM was also studied by using an alternating current at 45 Hz [1.79]. The same
amount of Joule heating was expected to be created with retarded EM-induced damage.
The temperature gradient in eutectic SnPb solder joints was measured directly to be
2143 °C/cm at 100°C by infrared microscopy. The flux by TM was calculated by the
marker motion, and the heat of transport was obtained to be 26.8 kJ/mol or 0.28 eV.

TM in solder joints has not attracted much attention yet because creating a large
temperature gradient and measuring it directly are not easy, and in most cases, the failure

rate is still relatively slow compared to EM. Nevertheless, it should be interesting to
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study the effects of TM on the Pb-free solder joint reliability since little information is
available yet on this topic. It is very important that the temperature gradient in solder
joints should be small enough to suppress TM during EM reliability testing. Otherwise,

the reliability data cannot be used for predicting the field life of the solder joints.

1.4 OBJECTIVES AND OVERVIEW

This study is focused on EM and TM reliability of Pb-free solder joints used in
advanced packaging applications including flip chip packages and system-in-packages
(SiPs). Two types of UBM designs, thick electroplated Cu UBM and thin electroplated
Ni UBM, are studied in parallel and their differences are compared.

Experimental details and reliability data analysis procedures are described in
Chapter 2. The Wheatstone bridge method is utilized to reduce electrical noise and obtain
greater sensitivity for resistance measurements.

The first objective of this dissertation research is to obtain statistical lifetime data
and to identify failure mechanisms for Pb-free solder joints under EM. The resistance
changes of solder joints are closely monitored and a reasonable failure criterion is
introduced. The EM lifetime data will be analyzed in order to determine its temperature
and current density dependence. Because Joule heating is significant in solder EM
testing, the solder temperature will be confirmed with FEM. In this study, the EM
activation energy and the current density exponent will be determined. The failure modes
and damage evolution processes for Cu UBM and Ni UBM solders will be compared.
These will be covered in Chapter 3.

The second objective is to characterize the IMC growth enhanced by EM.
Because extensive amount of IMCs can be formed in Sn-rich Pb-free solders under

current stressing, it is important to assess the kinetics of the enhanced IMC growth. In
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Chapter 4, the IMC growth with and without current stressing will be compared where
the apparent activation energies for IMC formation will be determined. The IMC
activation energies will be compared with those determined in Chapter 3 for further
understanding of the EM failure mechanisms for Pb-free solder joints. IMC formation
also accompanies a volumetric shrinkage, which produces stresses. Since EM voiding is
closely related to stresses, the IMC-induced stresses will be simulated using FEM to
predict its effect on the EM reliability in Chapter 4.

The third objective is to correlate the current crowding effect with EM lifetime
quantitatively. The experimental results of different thicknesses of Ni UBM will be
discussed and supplemented by FEM for the current density distribution in Chapter 5. A
modification of Black’s equation will be suggested. Then the effect of metal trace design
on current density distribution will be investigated using FEM in an attempt to enhance
the EM reliability. FEM will be also carried out to estimate the impact of solder joint
scaling.

The last objective of this study is to investigate the TM reliability of Pb-free
solder joints. A special experimental setup is used to create very large temperature
gradient without current stressing in Chapter 6. Corresponding temperature gradient will
be determined by FEM simulations. Morphology changes by TM will be compared with
those by EM. Thermally-aged solder joints with very small temperature gradient will also
be compared as a control. The relative effect of TM compared to EM will be also
examined.

Finally, Chapter 7 will conclude this study and provide suggestions for future

work.
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Chapter 2: Experimental Setup and Reliability Data Analysis

This chapter covers experimental details of electromigration (EM) reliability tests
for solder joints. The test vehicle was configured to test two pairs of flip chip solder
joints. The resistance changes of solder joints were monitored using the Wheatstone
bridge method as well as 4-point probe method. The Wheatstone bridge method provides
great sensitivity in detecting small resistance changes. The description of the test
equipment incorporating Wheatstone bridge circuits follows. Lastly, general test

procedures are presented.

2.1 TEST VEHICLE

The test vehicle used in this study is shown in Fig. 2.1. It is a flip chip plastic ball
grid array (FC-PBGA) module with 360 BGA pads The dimensions of the organic
substrate and the Si die were 25 mm X 25 mm % 0.72 mm and 9.2 mm x 6.8 mm x 1.1
mm, respectively. The die-substrate interconnection was accomplished through 579
solder bumps as shown in Fig. 2.2. After a die was assembled with a substrate by flip-

chip processes, the gap between the die and the substrate was filled with an underfill.

Figure 2.1:  Flip-chip test vehicle.
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Figure 2.2: (a) X-ray microscope image of a test vehicle. The viewing direction is from
the top of Si die to the bottom of substrate (top view). (b) Top view of an
array of 579 solder bumps between a Si die and a substrate. The red boxes
indicate two pairs of bumps for EM tests.
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In this test vehicle, two pairs of solder joints (four solder joints in total) were
configured for EM tests, which were located in the first row as shown in Fig. 2.2(b). The
locations of these four bumps are denoted by red boxes. These four bumps were
connected in series in a daisy-chain fashion. The 4th and 5th bumps, and the 8th and 9th
bumps (from left) are connected through thin metal traces on the die side, respectively.
The metal trace was made of Cu with dimensions of 300 um (length) x 75 um (width) x
I um (thickness). The 5th and 8th bumps were linked through substrate traces. The trace
width was ~50 pm, and the thickness was 16-18 pm. One BGA pad was connected to the
4th bump, and another to 9th bump for a current supply. The electric current path for EM
tests was as follows: substrate BGA pad — substrate trace — 9th bump — metal (die)
trace — 8th bump — substrate trace — 5th bump — metal (die) trace — 4th bump —
substrate trace — substrate BGA pad. As a result, electrons flowed in the opposite
direction. The total length of the substrate traces in the above current path was ~33.3 mm.

The schematic of the cross-section of a test vehicle is shown in Fig. 2.3.

Solder bump Die trace

I
\ pie |/ Underfill
[ADY eI ED)

Substrate

I- Substrate trace 4

Figure 2.3: Schematic diagram of the cross-section of a test vehicle. Only bumps under
test are shown. The image is not scaled.
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2.2 WHEATSTONE BRIDGE METHOD

The resistance of an individual solder bump is typically a few mQ, while that of a
metal trace on the die side and substrate traces are in the order of 10> mQ and 10° mQ2,
respectively. Therefore, it was difficult to detect resistance changes of a solder bump with
high accuracy and sensitivity. Consequently, Wheatstone bridge circuits were
implemented since this method is a well-known technique for detecting very small
resistance changes [2.1].

Figure 2.4 shows a schematic of a Wheatstone bridge designed for solder
electromigration experiments. Three BGA pads were wired for each test vehicle. Two of
them were for electrical in and out, and one of them was used as a midpoint connection
for off-balance voltage (V,) measurements in a Wheatstone bridge circuit. Four solder
joints in each test vehicle were divided into two groups (i.e. two solder joints in each
group). Each group served as a resistor unit (R; or R;) in one leg of a Wheatstone bridge.
For the test structure used in this study, both R; and R, consisted of two solder joints: a
cathode and an anode joint. Here, the cathode joint refers to a solder joint where electrons
flow from the substrate side to the die side and the anode joint refers to one where
electrons flow in the opposite direction. Hence, the 4th and 8th solder bumps from the
left (see Fig. 2.2) correspond to cathode joints; the Sth and 9th solder bumps are anode
joints. The other leg consisted of two large (in the order of kQ) resistors, R3 and R4. Thus
current flowed primarily through the test vehicle. Before each EM test began, V, was set

to 0 (zero) by adjusting the variable resistor (or potentiometer, Rs).
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Die

Substrate
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Figure 2.4: Schematic diagram of a Wheatstone bridge circuit in the solder EM test
system designed for detecting small resistance changes of solder bumps.

R3; and R4 are fixed during electromigration experiments, thus V, is directly

correlated with net changes of R; and R,. Following Kirchhoff’s laws,

ooy R R R R
¢ "R +R, R,+R, R +R, R,+R,)

2.1)

where V is the voltage drop across a Wheatstone bridge, / is the applied current and R is
(R, +R,)(R, +R))
R +R,+R,+R,

the net resistance of R, R», R3 and R4 (i.e. R = j . R can be simplified

to R = R; + R, because Rs3, R4 )) R, R,. Then Eq. (2.1) is reduced to:

o= g BRI 2.2)
R, +R,
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In case of R = R, prior to applying current (subsequently, R3; = R4 as well), Eq.

(2.2) can be further simplified, during the current application, to [2.1]:

V,=0.5I(R ~R,). (2.3)

Since only solder bumps are expected to fail by electromigration damage, the
resistance of the other parts, except solder bumps, would remain constant throughout the
electromigration test. Therefore, V, reflects the net resistance changes of solder bumps
only, which should now be large enough to be easily detectable for a slight change of

resistance.

2.3 TEST SYSTEM CONFIGURATION

Figure 2.5 shows the configuration of the solder EM test system. This system was
designed and built in our laboratory to control the applied current precisely and to detect
resistance changes of solder joints with high sensitivity. The system is equipped with a
power supply, constant current controlling boards, Wheatstone bridge circuit boards,
temperature chambers, switch controllers, a digital multimeter (DMM), and a PC.

Instead of using two individual resistors (a fixed resistor R3 and a variable resistor
R4 in Fig. 2.4) in a Wheatstone bridge, one potentiometer (three-terminal resistor) was
used. A potentiometer is divided into resistors by the middle terminal which is connected
to the digital multimeter (DMM) through the switch system for V, measurements. Thus
basically, the function of one potentiometer serves to replace two individual resistors

illustrated previously.
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In addition to the off-balance voltage V,, V, was measured as a voltage drop
across a test vehicle. Then its resistance was simultaneously calculated based on Ohm’s
law and recorded in a PC by a LabVIEW program. As a result, the overall resistance
changes were monitored throughout EM tests together with V, changes. Another voltage
drop measured was V}. This was used to monitor the applied current which was being
generated on constant current controlling boards. A known resistor (0.33 ) per channel
was incorporated on the board as an ammeter so that the current level could be monitored
by V5. Conversion of ¥, to the applied current was performed by the LabVIEW program
as soon as it was measured.

The aforementioned three voltage values per each test vehicle were monitored in
turn by a switch system (Keithley 7001) and a digital multimeter (Keithley 196 System
DMM). Then voltage measurements proceeded to the next module in the same manner.
These processes were controlled and recorded by the automated LabView control in the
PC through the GPIB interface until an experiment was terminated. This enabled real-

time measurements and recording of the voltages and current levels.
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Figure 2.5: Schematic diagram of the test system configuration designed for solder EM.
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Each component of the test system is elaborated below.

DC power supply

The power supply is shown in Fig. 2.6. The maximum voltage and current levels
the unit can support are 20 V and 120 A, respectively. Before every experiment, a supply
voltage should be set to an appropriate level so that the applied current could be
interrupted as soon as a solder joint fails. If a supply voltage is too high, it may cause a
solder bump to melt or the test vehicle to burn due to the overloading and excessive Joule
heating. If it is too low, the stability of the applied current could be low or the current
could be interrupted prior to the electrical open of a solder bump. Generally, it is set
between 4 and 5 V depending on the applied current level, the resistance of a test

structure, and the number of test vehicles under test.

Figure 2.6: HP 6031A system power supply.

Constant current controlling board
Custom-made constant current controlling boards (Fig. 2.7) regulate the applied
current with high stability. This high stability of the applied current is one of the most

crucial conditions in electromigration experiments. This board is designed for the high
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current supply specified for solder EM experiments. Six boards are in use and each board
has 10 channels. An applied current of each channel can be set independently by
adjusting potentiometers. Thus 60 test vehicles can be tested simultaneously with each
test vehicle subject to a desired current level. The current supplied from each channel is
continuously monitored by an ammeter in each channel. This ammeter basically measures
the voltage drop across a known resistor (0.33 ). Due to its characteristic of high current
application, the boards are always cooled by cooling fans installed above the board

frame.

Figure 2.7: 6 constant current controlling boards with each board having 10 channels.

Wheatstone bridge circuit board

Figure 2.8 shows a Wheatstone bridge circuit board containing 20 potentiometers.
Basically, one potentiometer functions as two series resistors, R3 and R4, as shown in Fig.
2.5. In a potentiometer, R3 and R4 are adjusted simultaneously by rotating a screw shown
in Fig. 2.10. The total resistance (Rs; + R4) of a potentiometer is fixed. To make sure that

electric current should flow primarily through the test vehicle side of the circuit,
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potentiometers of as large as 5 kQ are used. As shown in Fig. 2.9, two end-terminals are
for the current in and out; the middle terminal is for the midpoint connection in a
Wheatstone bridge circuit. This middle terminal is connected to the digital multimeter
through the switch system for V, measurements. Prior to every electromigration test,

potentiometers are adjusted to set initial V', values to zero.

Potentiometer ). -

|
E
!
B

Figure 2.8: Wheatstone bridge circuit board.

Currentin A l L, Current out

Connected to the switch
system for V, measurement

Figure 2.9: Schematic diagram of a potentiometer.
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Temperature chamber

Two identical temperature chambers (Fig. 2.10) are used for solder EM
experiments. They are forced-convection ovens where the air is continuously circulated
and mixed. During EM tests, the temperature inside a chamber is maintained constant and
uniform. Inside a chamber, a Cu plate (H-shaped in Fig. 2.10) on a supporting block is
used for loading test vehicles. Up to 30 test modules can be arranged on the Cu plate in a
way that the Si backside of each package is attached to the Cu plate using thermal
compound as schematically shown in Fig. 2.11. This Cu plate helps to maintain a uniform
temperature distribution among test vehicles because Cu is a good thermal conductor.
More importantly, it also serves as a heat sink. Since relatively large current (~1 A) is
applied in solder EM experiments, a large amount of Joule heat is generated from test
vehicles, making actual solder temperature higher than the chamber temperature. As EM
damage progresses in solder joints, the Joule heating effect can go worse. This may cause
thermal runaway failures, which makes it difficult to determine EM lifetime data. This

side-effect can be minimized by using a heat sink.
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Figure 2.10: Sigma M42 temperature chamber.

Test vehicle

Thermo-
couple

Figure 2.11: Schematic diagram of a test configuration inside a temperature chamber.
Thermal compound (not shown) is applied between the test vehicle and Cu
plate. The image is not scaled.
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Switch system

Three switch mainframes are shown in Fig. 2.12. Each mainframe has two card
slots. Five out of 6 switch cards are installed and each switch card has 40 available
channels. As each channel can be assigned to detect either V3, V, or Vi, three channels
should be allocated to each test vehicle. As a result, maximum 180 channels (3

channels/test vehicle x 60 test vehicles) are in use out of 200 available channels.

-_—

Figure 2.12: Keithley 7001 switch system. Three switch mainframes are shown and 5 out
of 6 card slots are in use.

Digital multimeter (DMM)

A Keithley 196 system DMM (Fig. 2.13) is connected with the switch system as
well as a PC via GPIB cables in order to read Vj, V, and V values. With GPIB
connection, the PC can control the switch system and record DMM readings. The DMM

has a resolution of 100 nV.
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Figure 2.13: Keithley 196 system DMM.

PC for instrument control and data acquisition

Figure 2.14 shows a PC for switch system control and data acquisition. A GPIB
card in the PC is connected with the switch system and the DMM through GPIB cables.
They are controlled by a National Instruments LabVIEW program. It sends the switch
system commands to switch in a preset order and receives real-time DMM readings
simultaneously. Elapsed time, applied current (), off-balance voltage (V) and overall
module resistance (V) data for each test vehicle are also saved automatically. In this way,

real-time damage evolution in every test vehicle can be monitored.

Figure 2.14: Data acquisition system.
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2.4 GENERAL TEST PROCEDURE

The following describes general steps for a solder EM experiment.

A. Test sample preparation

a) Two wires are soldered on two BGA pads separately for the electric current in and
out. This makes an electric current flow into the 9th bump and out of the 4th
bump (see Figs. 2.2 and 2.3). Another wire is soldered on two adjacent I/O pads.
This allows a connection between the 5th and the 8th bumps as well as a midpoint
connection for V, in a Wheatstone bridge.

b) The soldered area was covered for insulation with a mixture of Aremco
Ceramabond 571 liquid and powder. Then it was cured at ~70-80°C for ~1 hour.

An insulated test vehicle after curing is shown in Fig. 2.15.

Figure 2.15: Soldered and insulated test vehicle.
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B. Sample installation

c) For efficient heat dissipation, heat sink compound with high thermal conductivity
is applied on the backside of the Si die.

d) Test vehicles are attached on the Cu plate. Thermocouples are sandwiched
between the Si dies and the Cu plate. Thermocouples are positioned as close to
the solder bumps under test as possible.

e) Test vehicles and the Cu plate are clipped firmly to ensure a good thermal contact
as shown in Fig. 2.16.

f) Wires are connected to the current sources or the DMM (through the switch

system).

Figure 2.16: 30 test vehicles attached on a Cu plate inside a temperature chamber.
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g)

h)

)
k)

D

EM testing

The applied current of each channel in the constant current controlling boards is
adjusted to a desired level.

The off-balance voltage V, is set to zero by adjusting a potentiometer on the
Wheatstone bridge circuit board.

Every channel of the current boards is turned off after the steps g) and h) to avoid
any damage before a test begins.

Temperature of the chamber is set to a target temperature.

When the chamber temperature reaches the target temperature, all the current
channels connected to test vehicles are turned on.

The LabVIEW program is launched. Then it starts to control the switch system to
receive DMM readings for each test vehicle.

Temperature of the Si backside is frequently monitored. This temperature (not the
chamber temperature) is kept constant during the EM test. Because the failure of
test vehicles usually causes the Si backside temperature of active test vehicles to
drop, the sample temperature is needed to be compensated by increasing the
chamber temperature whenever failures occur.

Some of failed samples are taken out of the chamber in the middle of the
experiment, in order to prevent post-failure intermetallic compounds growth. To
do this, the LabVIEW program is paused first. Then the failed sample is taken out
as quickly as possible. Meanwhile, the Si backside temperature is monitored.
When it reaches the initial temperature again, the LabVIEW program is resumed.
The applied current can sometimes be interrupted on purpose for certain samples

in order to examine damage evolution of solder joints prior to an electrical open.
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D. Failure analysis
p) Samples are encapsulated in epoxy or acrylic mounting compounds.
q) Mounted samples are ground and polished for cross-sectional inspection.
r) Cross-sectioned solder joints are examined under scanning electron microscopy

(SEM) and energy-dispersive X-ray spectroscopy (EDS).

2.5 STATISTICAL ANALYSIS FOR ELECTROMIGRATION LIFETIME

For Al or Cu interconnects in back-end-of-line (BEOL), their EM failure
distribution has been known to obey the lognormal distribution. For interconnects,
multi-link (or series chain) structures have been implemented into test structure and the
results evaluated using a statistical approach [2.2, 2.3]. This approach has a key
advantage in reducing the overall test time and improving the sensitivity to detect early
failure. Due to the characteristics of the lognormal distribution that do not scale with the
number of links [2.4], failure data from multi-link structure should be analyzed using the
deconvolution procedure [2.2] or by Monte Carlo simulation [2.3] to deduce EM lifetime
parameters. For solder EM investigated in this study, experimental EM failure data were
analyzed using a similar approach. The failure distribution was deconvoluted using the
Kaplan-Meier method [2.5, 2.6] and failure data were plotted based on the lognormal
distribution. EM failure distribution for solder joints also closely followed the lognormal

distribution.

2.5.1 Fundamentals of Lognormal Distribution and Weakest-Link Model

Generally, EM failure data have traditionally been treated with the lognormal

distribution, where the logarithms of the failure times are normally distributed [2.2, 2.3,
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2.5]. The probability density function (PDF), f{¢), for the lognormal distribution is given

by
1 _(lnt—lnt50)2
f(t) - \/EO’[ eXp|: 202 }a (24)

where ¢ is the time, o is the standard deviation in units of logarithmic time or the shape
parameter for the lognormal distribution, and ¢y is the median time to fail (MTTF). The

cumulative distribution function (CDF), F(?), is the integral of the PDF over ¢:

Fr)=| 0 ft)dt . (2.5)

F(?) is also called the unreliability function and represents the fraction of all units in the
population which fail within the time window ¢. It is also thought of as the probability
that a random unit drawn from the population fails within the time window ¢ [2.5]. The

reliability function (survival function), R(¢), is then defined by

R(t)=1-F(). (2.6)

The reliability function is interpreted as either the fraction of all units in the population
which will survive at least for time # or the probability that a random unit drawn from the
population will still be in operation after time ¢.

If a system is made up of N independent components and all must operate for the

system to function properly, the system fails when any of the components fails first. This

57



is called the weakest link model or series system model. According to this model, the

system reliability function R,(?) is obtained as follows:

Rs(f)=1E[Ri(t)=R1(t) XR, (1) %X Ry (1), 2.7)

where R,(¢) is the reliability function of the ith component. In terms of the CDF functions,

F.(0=1-1]0-F®], (2.8)

where F(f) is the system CDF. If all the components are identical, i.e.

R(O)=R,()="+=Ry()=R(®) and F(1)=F,(t)="=F,(1)= F(1), then
R.(t) =[R®)]", (2.9)
F (@) =1-[1-F@®]". (2.10)

Eq. (2.10) is depicted in Fig. 2.17. With increasing N, it is clear that the lifetime
reduces and the lifetime spread becomes smaller. Thus using multi-link systems is
beneficial in reducing the test time. It is important to note that the lognormal distribution
does not scale with the number of components (links) in a system [2.4]. In other words,
even if a single component obeys the lognormal distribution, the multi-link system
consisting of N components does not follow the lognormal behavior as shown in Fig.

2.17.
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Figure 2.17: Trends of CDF plots with respect to NV based on the weakest link model. In
the plot, the single-link (N = 1) system was assumed to obey the lognormal
distribution. [2.3]

2.5.2 Extracting CDF Values Based on Weakest Link Model

In the test module, four solder joints were subjected to current stressing. Two of
them were cathode joints and the other two were anode joints according to the current
polarity (see Fig 2.4). Among them, only the anode joints developed EM-induced fatal
damage and failure due to the current crowding which was much severer in anode joints
than cathode joints, as will be discussed in Chapter 3. This means that the failure rate of
anode joints was much faster than that of cathode joints. As a result, two out of four
solder joints were treated as components (links) which would potentially fail. This is to
say that the test structure was a 2-link (N = 2) system. In case where 15 modules were
under test, 60 solder joints were subject to current stressing but 30 of the anode joints

would be vulnerable to EM failure.
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Since the lognormal distribution does not scale with the number of links, the
multi-link failure distribution data must be deconvoluted. Through the statistical
deconvolution process, the lognormal distribution parameters, ¢50 and o, for the single-
link system were deduced from the EM lifetime data of the 2-link system. The Kaplan-
Meier method [2.5, 2.6] was used to extract CDF values for the single-link system. For
example, consider 15 samples under test, each consisting of 2 components. Therefore,
there are 30 components at the beginning of the test. Suppose that one failure occurs at ¢
and another failure at #,. Assuming that the event where two components fail at the same
time is rare, the probability that the components survive until time ¢ is 29/30. The
probability that the components survive from ¢ to #, is 27/28 because the other anode
(component) in the same sample is also out of test whenever one sample fails. Then the
probability of surviving from time zero to #, is calculated by (29/30) x (27/28).
Consequently, the CDF values at #; and #, are obtained by subtracting the survival values
from 1: F(t;) =1 —(29/30) and F(£;) = 1 — [(29/30) x (27/28)]. Similarly, the CDF values
for all the failure data are determined. This can be generalized by the following formula

[2.7]:

i n. .
Fa)=1-T]—2, i=1,2,--,m 2.11)
n.

where m is the total number of samples (systems), #; is the total number of components
“at risk” just prior to time #;, d; is the number of deaths at time #. In the aforementioned
example, m=15,n,=(m+1—j)x2,and d; = 1.

CDF values can be readily calculated using a spreadsheet based on Eq. (2.11).
Table 2.1 represents an example of the deconvolution process. The first column is the

number of failures by time #. The second column represents the time to fail for the ith
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Table 2.1:  Example of deducing CDF values through the deconvolution process. The
data analysis follows the steps described in ref. [2.2].

i t; (hrs) n; 1/n; Iff@}: R(ti()t;);’(ti) f_(;é)(:)
. Time to ‘fail # operating| Prob. of failure religa(;ﬂf[i}i/tif?lllllil‘[ion Reliability
# failure Ogrlrl;ll;h links at #;; | between ¢, and ¢; | (prob. of survival function CDF
between ¢,.; and )

1 81.6 30 0.03333 0.96667 0.96667 0.03333
2 85.1 28 0.03571 0.96429 0.93214 0.06786
3 97.7 26 0.03846 0.96154 0.89629 0.10371
4 106.4 24 0.04167 0.95833 0.85895 0.14105
5 112.1 22 0.04545 0.95455 0.81990 0.18010
6 118.2 20 0.05000 0.95000 0.77891 0.22109
7 122.4 18 0.05556 0.94444 0.73563 0.26437
8 136.2 16 0.06250 0.93750 0.68966 0.31034
9 138.8 14 0.07143 0.92857 0.64040 0.35960
10 176.2 12 0.08333 0.91667 0.58703 0.41297
11 184.8 10 0.10000 0.90000 0.52833 0.47167
12 219.7 8 0.12500 0.87500 0.46229 0.53771
13 237.1 6 0.16667 0.83333 0.38524 0.61476
14 262.5 4 0.25000 0.75000 0.28893 0.71107
15 346.8 2 0.50000 0.50000 0.14446 0.85554

failed sample, which should be experimentally determined. The third column is the total
number of components under operation or “at risk” just prior to time #. This decreases by
2 (the number of links in each sample, N) whenever a failure occurs. The fourth column
gives the probability of failure between #.; and #. This is simply the reciprocal of the
value in the third column because only one fails from #;; to #. The fifth column gives the
conditional reliability function or probability of survival between #.; and #. This is
calculated by subtracting the value in the fourth column from 1. The sixth column is the
reliability function for the single component, meaning the fraction of all components in
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population which will survive by time #. The last column yields the CDF, which
represents the fraction of all components in the population which will fail by time #. The

CDF plot for data in Table 2.1 is exemplified in Fig. 2.18.

99.9
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90

70
50
30

CDF (%)

10

0.1

TTF (hrs)

Figure 2.18: A CDF plot from Table 2.1. The failure data of samples consisting of two
anode joints were deconvoluted to obtain the CDF values for samples with a
single anode joint.

An important advantage of the Kaplan-Meier method is that this method can take
into account "censored" samples — losses from the samples before failures occurred.
Some of the samples which were still running were sometimes removed from the
chamber for cross-sectional examination. In this case, the number of components “at
risk,” nj, in Eq. (2.11) is changed, which must be properly accounted for in calculating
the CDF. As an example, suppose two good samples are removed from the test, one

between ¢, and #, and the other between 75 and #5, respectively. Assume also that the other
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preconditions are the same as the aforementioned example. Then the probability that the
components survive from ¢ to ¢, is 25/26 due to the loss of 2 components from a good
sample. Accordingly, the reliability function R(#,) is changed to (29/30) x (25/26), and
the R(t;) thereafter should be different from those in Table 2.1. In a similar manner, R(z)
is calculated and R(#;) thereafter are modified accordingly. The modified values resulting

from two losses are listed in Table 2.2.

Table 2.2:  Example of the deconvolution process taking into account “losses” of good
samples. The major changes are marked in bold.

i t; (hrs) n; 1/n; Ifﬁtﬁ; R(ti()t;) ; () f_(?g)(tl:)
1 81.6 30 0.03333 0.96667 0.96667 0.03333
2 85.1 26 0.03846 0.96154 0.92949 0.07051
3 97.7 24 0.04167 0.95833 0.89076 0.10924
4 106.4 22 0.04545 0.95455 0.85027 0.14973
5 112.1 20 0.05000 0.95000 0.80776 0.19224
6 118.2 16 0.06250 0.93750 0.75727 0.24273
7 122.4 14 0.07143 0.92857 0.70318 0.29682
8 136.2 12 0.08333 0.91667 0.64458 0.35542
9 138.8 10 0.10000 0.90000 0.58012 0.41988
10 176.2 8 0.12500 0.87500 0.50761 0.49239
11 184.8 6 0.16667 0.83333 0.42301 0.57699
12 219.7 4 0.25000 0.75000 0.31726 0.68274
13 2371 2 0.50000 0.50000 0.15863 0.84137
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Chapter 3: Electromigration Failure Characteristics of Pb-Free Solder
Joints

A series of electromigration tests were performed as a function of temperature and
current density on Pb-free flip-chip solder joints to investigate lifetime statistics and
failure characteristics. Thick Cu and thin Ni under-bump-metallization (UBM) systems
were compared. Based on the overall shape of resistance traces, a conservative failure
criterion for time-to-failure (TTF) was introduced. These results were compared with
those based on the conventional open-failure criterion. The Joule heating effect was
quantified based on the experimental data and finite element analysis. The temperature of
the solder joints was determined to be approximately 15°C higher than that at the Si die
surface when 1 A of current was passed. With the appropriate temperature estimation for
solder joints, the activation energies and the current density exponents were determined.
The failure mechanisms were different depending on the type of UBM. For solders with
Cu UBM, voids were formed initially at the CusSns/solder interface while the final open
failure occurred at the Cu;Sn/CueSns interface. For Ni UBM, voids were formed initially

at the NisSna/solder interface, through which voids propagated.

3.1 INTRODUCTION

With continuing demands to increase I/O density and power requirement,
electromigration (EM) failure of solder joints raises increasing reliability concern for flip-
chip packages. It is anticipated that flip-chip solder joints will be subject to a current
density in the order of 10* A/cm” in the near future [3.1]. Although this current density
level is still about two orders of magnitude lower than that for Cu interconnects, EM

64



damage for solder joints still causes a serious concern due to their low current carrying
capability [3.2]. In solder joints, the formation of intermetallic compounds (IMCs) at the
interface between the solder and the under-bump-metallization (UBM) plays an important
role in controlling EM reliability. Noble or near-noble metals such as Cu or Ni in the
UBM can diffuse rapidly in Pb or Sn by an interstitial diffusion mechanism [3.3-3.5], and
react at a fast rate with Sn to form IMCs [3.6]. The implementation of eco-friendly Pb-
free solders generates further interest 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 IMCs, its inexhaustible supply from such Pb-free
solders can greatly enhance the IMC formation to degrade EM reliability [3.6, 3.7].

The study was undertaken to investigate the effect of UBM selection on EM
reliability for Sn-2.5Ag flip chip solder joints on organic substrate. The Cu UBM was
compared with the Ni UBM. Due to the rapid reaction rate of Cu with Sn [3.7], the thick
Cu stud in the UBM was of interest. For Ni UBM, the thin Ni film in the UBM was of
primary interest due to the slower reaction rate of Ni with Sn [3.8]. Samples were tested
under various temperature and current conditions to obtain EM statistical data. The
results were compared based on the conventional open-failure criterion and a more
conservative criterion. The latter was introduced in this study based on the resistance
traces and damage evolution. In accelerated solder EM tests, approximately 1 A current is
usually applied [3.6, 3.7, 3.9], which can cause substantial Joule heating. Moreover, heat
dissipation in flip chip packages with organic substrate is much less efficient than those
with ceramic substrate. Thus the Joule heating effect was taken into account to deduce
EM statistics by combining experiments and simulations. EM damage evolution and
failure mechanisms were investigated by cross-sectional microscopy of solder joints, with

emphasis on the morphology changes of solder joints with IMC growth.
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3.2 EXPERIMENTAL DETAILS

Figure 3.1 shows schematic diagrams of the two types of solder joint structures
tested in this study. The Pb-free solder material was Sn-2.5Ag solder alloy. The eutectic
temperature of Sn-Ag system is 221°C. Figure 3.1(a) shows the TiW (0.25 um)/Cu (18
um) UBM structure, and Fig. 3.1(b) represents the Ti (0.1 um)/Ni (2 um) UBM structure.
The TiW and Ti layer served as a layer for seed layer deposition as well as a barrier layer
preventing wicking of UBM material to Si die. Both Cu and Ni UBM were electroplated
after sputter deposition of the seed layers. Thickness variations of Cu and Ni UBM were
+4 um and £0.5 pum, respectively. The passivation opening of the UBM was 50 um in
diameter. On the substrate side, a 5 um-Ni(P) was plated electrolessly as a substrate
finish layer on the substrate Cu pad. The solder bump had a nominal diameter of 130 um.
The stand-off height (distance between UBM and substrate finish layer) of the solder

bump was ~40 um for Cu UBM and ~56 um for Ni UBM, respectively.

P .
Tiw / \ Ti

ILD $
Cu UBM Ni UBM
Passivation
Sn-2.5Ag Sn-2.5Ag
Ni(P \/ Ni(P
CEJ) Underfill CE,)

(a) (b)

Figure 3.1: Schematic diagrams of flip-chip solder joints with (a) Cu UBM (18 um),
and (b) Ni UBM (2 pm).

66



In the EM test oven, a set of samples were arranged such that the Si backside of
the samples was brought into contact with a Cu plate. To enhance the thermal contact, a
thermal compound was applied between the Si die and the Cu plate. In this manner, the
temperature deviation from one sample to another was minimized and Joule heat in the
test sample was able to be dissipated efficiently. Thermocouples were sandwiched
between the backside of dies and the Cu plate to monitor the Si backside temperature,
which was generally higher than the oven temperature by 7-20°C depending on the
applied current.

Six EM runs were conducted on test modules with a 2-link chain structure. Two
UBM types were tested altogether in a chamber to ensure the same test conditions to be
applied. 12-15 samples (i.e. 24-30 pairs of solder joints) of each UBM structure were
loaded under each run. Test temperatures were chosen based on the Si backside
temperature. Then the chamber temperature was adjusted such that the Si backside
temperature matched this pre-determined temperature. Due to Joule heating, the chamber
temperature was set to about 7.5 to 20°C lower than the pre-determined Si backside
temperature. Several thermocouples sandwiched between the Si backside and the Cu
plate were monitored throughout experiments. The average thermocouple reading was
taken to represent the Si backside temperature. The maximum temperature difference
between the thermocouple readings was usually less than ~2°C.

Four runs were carried out at different temperatures with a fixed applied current
to investigate the temperature dependence of the EM lifetime. Two additional runs were
conducted at a fixed temperature with different applied currents to determine the current
density dependence. The applied currents of 0.81, 1.01, and 1.11 A corresponded to
current densities of 4.12, 5.16, and 5.67 in 10*A/cm?, respectively, based on the area of

the passivation opening. Table 3.1 summarizes the chamber temperature setting for each
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EM test. Whenever a sample failed, the Si backside temperatures of other samples were
also decreased by ~0.2-0.5°C because a Joule heat source was removed and the Cu plate
in contact with the Si backside quickly equilibrated to the new temperature. Accordingly,
the chamber temperature was adjusted to bring the Si backside temperature back to the

set point, whenever failure occurred.

Table 3.1:  Chamber temperature set to achieve desired Si backside temperatures for
each EM test condition.

Chamber temp. (°C) | Applied current (A) |Si backside temp. (°C)| Total # samples
103.0 1.01 115 29
118.0 1.01 130 25
126.1 1.01 140 30
138.0 1.01 150 28
132.5 0.81 140 28
120.4 1.11 140 29

To investigate damage evolution and failure mechanisms for Pb-free solder EM,
66 test modules (264 solder joints) which had been subject to current stressing were
cross-sectioned and examined with SEM/EDS. A backscattered electron detector was
used to clearly distinguish the different materials in solder joints. The applied current to a
test module was sometimes interrupted when it became necessary to investigate initial

void formation and void propagation (or growth) with respect to the resistance rise.
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3.3 RESULTS AND DISCUSSION

3.3.1 Failure Criteria

During and after EM experiments, off-balance voltage (V,) and resistance (R
converted from V) traces for test modules were inspected to monitor the structural
damage, such as IMC growth and voiding, caused by EM. Because of the high sensitivity
of the Wheatstone bridge method, resistance changes of solder joints were monitored
primarily with V, traces while R (or V) traces were monitored for reference purposes.
Resistance traces in solder EM experiments showed distinctive characteristics. A
resistance jump preceded well before a solder joint became electrically open. Moreover,
this jump was usually followed by unstable resistance fluctuation. Based on this
observation, a new failure criterion, named first resistance jump, was suggested and

applied to determine EM lifetimes.

3.3.1.1 Typical Vg Traces for Pb-Free Solder Joints

Figures 3.2 and 3.3 represent typical V, traces of Sn-2.5Ag solder joints with Cu
and Ni UBM, respectively. Initially, ¥V, increased slowly. Then an abrupt jump in V,
occurred, which was followed by unstable fluctuations. The V, increase was more abrupt
in Cu UBM than Ni UBM. The resistance fluctuations were attributed to simultaneous
damage evolution and recovery process in solder joints, which eventually led to an
electrical open failure [3.10]. At this stage, the solder joints became unstable and
vulnerable to failure. The period of unstable fluctuations lasted usually longer for solder
joints with Cu UBM than with Ni UBM in this study, which could be related to their

thickness difference.
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Figure 3.2: Typical V, traces for solder joints with Cu UBM.
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(cont’d) Typical Vg traces for solder joints with Cu UBM.
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Figure 3.3: Typical V, traces for solder joints with N1 UBM.
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Figure 3.3: (cont’d) Typical V, traces for solder joints with Ni UBM.

For solder joints with Cu UBM, the resistance jump occurred with a sharp
transition from a few mV to ~30-40 mV in V,. This corresponded to a ~50-100mQ
increase in resistance of a single solder joint. The resistance fluctuations usually lasted
for a prolonged time. Figure 3.2(a) shows a jittering period occupying about half the total
lifetime. According to Eq. (2.3), the failing or failed solder joint was identified from the
sign of V,. Thus Fig. 3.2(a) indicates the failure occurred in the first pair of solder joints
(4th or 5th joint from the left). Because EM failures always occurred in anode joints as
will be discussed later, the 5th joint was the one that failed. In contrast, when the 9th
solder joint failed, V, increased in the opposite way, that is, with a negative sign as shown
in Fig. 3.2(b). A plateau region is seen subsequent to the resistance fluctuations. As
shown in Fig. 3.2(c), a state of lull sometimes existed between jitters. Figure 3.2(d)
shows another example of a resistance trace for solder joints with Cu UBM. The first

jittering took place with a negative sign and then came to a momentary lull. What
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followed was the second resistance jump with a positive sign. With this kind of resistance
trace, it was expected that serious EM damage was developed in both the 5th and 9th
solder joints.

Figure 3.3 shows V, traces for solder joints with Ni UBM. Typically, the
resistance rise was more gradual and the jittering period was much shorter compared with
Cu UBM solders as shown in Fig. 3.3(a). Still, the onset of resistance fluctuation
occurred at ~40 mV. Figure 3.3(b) shows a relatively long jittering period for Ni UBM
solders. Also, the amplitude of jittering grew larger with time. This was followed directly
by the final open. Unlike Cu UBM solders, a state of lull during jittering was rarely
observed in Ni UBM. Figure 3.3(c) shows that the initial EM damage in the 4th joint was
developing faster than in the 9th joint but the latter failed first. This may indicate that
void growth is a more critical factor than void initiation (or nucleation) in controlling EM

lifetime of solder joints.

3.3.1.2 Open Failure Criterion vs. First Resistance Jump Criterion

Resistance traces in solder EM experiments had a distinctive characteristic of the
resistance jump. In order to estimate the extent of voiding at this stage, V, was calculated
with respect to the fraction of open (voiding area/interfacial contact area) using
MATLAB. According to the result as shown in Fig. 3.4, a 30-40 mV change in V,
corresponded to >90% opening of the solder joint. This was also confirmed by cross-
sectional SEM observations and will be discussed in the following section. After a
resistance jump, the solder joint became almost open with fatal EM damage including
extensive IMC formation and voiding. Moreover, significant additional Joule heat could
be generated at this stage. In this regard, jittering represents the instability of this stage.

Therefore, the first resistance jump or the onset of jittering is suggested as an alternate
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failure criterion in this study to supplement the conventional open failure criterion to
evaluate EM lifetime. Arrows in Figs. 3.2 and 3.3 indicate where the first resistance jump

criterion regards as failure of a solder joint.
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Figure 3.4: Calculated off-balance voltage V; with respect to the fraction of voided area
(ratio of void to interfacial area).

3.3.2 Electromigration Lifetime

Temperature dependence of EM lifetime was investigated with the current density
fixed at 5.16 x 10* A/cm®. EM runs were performed at 115, 130, 140 and 150°C of the Si
backside temperature with 1.01A. Since two pairs of solder joints were connected in
series, cumulative distribution function (CDF) was deconvoluted based on the weakest
link model described in Section 2.5 to deduce statistical EM parameters, t50 and o,
pertaining to a single solder joint. The deconvoluted CDF plots for solder joints with Cu
and Ni UBM are depicted in Figs. 3.5 and 3.6 based on the lognormal distribution. The

time to fail (TTF) of each sample was determined by both the open failure criterion (Fig.
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3.5) and the first resistance jump criterion (Fig. 3.6). For Cu UBM solders, the data of
130°C and 140°C show unusual behavior. Although the reason was not clearly
understood, it was hypothesized to the initial resistance deviation and/or temperature
deviation between samples. The results of #5o and ¢ are summarized in Table 3.2.

Based on the open failure criterion, the MTTF of solder joints with Cu UBM was
1.5 to 4 times longer than that Ni UBM. In contrast, when the first resistance jump
criterion was applied, the MTTFs of solder joints with Cu and Ni UBM became
comparable. This is attributed to the fact that the period of resistance fluctuation in Cu
UBM solders amounted to a large portion, as much as 49 % on the average, of the total

lifetime whereas the jittering period in Ni UBM solders amounted to only 12 % on the

average.
Table 3.2:  Summary of temperature dependent EM lifetime, based on two different
failure criteria. The applied current was 1.01 A (j =5.16 x 10* A/cm?).
Si backside Open failure criterion First resistance jump criterion
temperature Cu UBM Ni UBM Cu UBM Ni UBM
O tso (hrs) o tso (hrs) o tso (hrs) o tso (hrs) o
115 1570 1.1 410 1.0 460 0.6 380 1.0
130 690 1.3 290 1.4 440 1.3 240 1.3
140 190 0.6 130 1.3 93 0.8 96 1.1
150 140 1.0 56 1.2 49 0.7 45 1.0

76




Figure 3.5:
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Temperature dependence of deconvoluted failure distributions based on the
open failure criterion for solder joints with (a) Cu UBM, and (b) Ni UBM.
Current density was fixed at 5.16 x 10* A/em”. Temperatures shown
represent the Si backside temperatures.
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Figure 3.6: Temperature dependence of deconvoluted failure distributions based on the
first resistance jump criterion for solder joints with (a) Cu UBM, and (b) Ni
UBM. Current density was fixed at 5.16 x 10* A/em®. Temperatures shown
represent the Si backside temperatures.
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Current density dependence of EM lifetime was examined with the Si backside
temperature fixed at 140°C. Three different current levels, 0.81, 1.01 and 1.11 A, were
applied, which corresponded to 4.12, 5.16 and 5.67 x 10* A/em? respectively. The
current density was calculated based on the passivation opening (50 pm in diameter). The
failure distributions deconvoluted for a single anode joint were plotted in Figs. 3.7 and
3.8. The resulting #so and o are listed in Table 3.3.

The MTTF of solder joints with Cu UBM was 1.5-3 times longer than that with
Ni UBM based on the open failure criterion, but under the first resistance jump criterion
both MTTFs were comparable for the same reason discussed above. It was also found
that the fraction of resistance fluctuations over the whole lifetime for Cu UBM solders
became longer when current density was small. Atj=4.12 x 10* A/em?, the MTTF of Cu
UBM solders was reduced by a factor of 4 when the first resistance jump criterion was
applied. Considering that the onset of resistance fluctuation already corresponds to
significant damage of a solder joint as discussed in the previous section, it is important to
select a proper failure criterion to evaluate solder reliability, particularly for a thick Cu

UBM.

Table 3.3:  Summary of current density dependent EM lifetime, based on two different
failure criteria. The Si backside temperature was fixed at 140°C.

Applied Current Open failure criterion First resistance jump criterion

current | density Cu UBM Ni UBM Cu UBM Ni UBM
(A)  |(10* A/em?)

ts0 (hI‘S) o ts0 (hI’S) o ts0 (hI’S) o 50 (hI'S) o

0.81 4.12 910 1.3 310 1.4 230 0.8 260 1.3
1.01 5.16 190 0.6 130 1.3 93 0.8 96 1.1
1.11 5.67 200 0.6 110 1.3 98 0.9 92 1.2
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Figure 3.7:
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Current density dependence of deconvoluted failure distributions based on
the open failure criterion for solder joints with (a) Cu UBM, and (b) Ni
UBM. The Si backside temperature was fixed at 140°C.
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Figure 3.8:
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Current density dependence of deconvoluted failure distributions based on
the first resistance jump criterion for solder joints with (a) Cu UBM, and (b)
Ni UBM. The Si backside temperature was fixed at 140°C.
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3.3.3 Joule Heating Characterization

Due to the large applied current (~1 A), the Joule heating effect should be present,
causing the temperature of the solder joints to increase. This can make the solder
temperature different from the temperature at the backside of the Si die although the
former was often assumed to be the same as the latter [3.11, 3.12]. To determine the Joule
heating effect, the resistance changes were measured as a function of temperature and
then applied current. Subsequently, these experimental results were supplemented with

finite element analysis (FEA).

3.3.3.1 Experimental Joule Heating Measurement

A two-step procedure was employed for experimental Joule heating
measurements. First, the temperature coefficient of resistance (TCR) of the test structure
was determined by measuring the resistance with increasing temperature. TCR is defined
as the slope of the fractional resistance deviation (AR/R). For this measurement,
resistance values of 9 samples were recorded, ranging from room temperature (~25°C) to
the target temperature (140°C). Every time the chamber temperature was changed to the
next set temperature, the corresponding resistances were measured after about 1 hour so
that thermal equilibrium condition could be attained between the samples, the Cu plate,
and the ambient air in the chamber. The applied current was minimal (<50 mA) to avoid
unintentional Joule heating effect. TCR was calculated from the measurement results

according to the following equation [3.13]:

R=R[l+a(T-T)], (3.1)
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where R is the resistance at the chamber temperature 7, R, is the resistance at a reference
temperature (usually room temperature) 7,, and o is the temperature coefficient of
resistance (TCR). It was confirmed by thermocouple measurements that the Si backside
temperature was the same as the chamber temperature at this low current level. Under
this condition, the temperature of solder joints was assumed to be the same as the
chamber temperature. As shown in Fig. 3.9, the TCR was found to be 3.57 x 107 (°C)™".
This value is plausible considering the TCR of bulk Cu is 3.9 x 10° (°C)" and that of 0.5
um wide Cu interconnects is 3.3 x 10~ (°C)" [3.13], because the major part of the current
path was through the Cu trace while the portion of the path through solder and UBM was

almost negligible.
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Figure 3.9: Plot of R/R, with temperature for the TCR measurement.
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In the next step, the chamber temperature was set to 120 °C, and resistance
changes were measured while the applied current was raised from the minimum current

to 1.1 A. From Eq. (3.1),

AR =R(i)-R, = aR,(T - T,) = aR, AT, (3.2)

where R(7) is the resistance as a function of the applied current, Ry is the baseline
resistance at Ty, and Ty is the test (chamber) temperature. Therefore, Ry is the resistance
without the Joule heating effect and R(7) is the resistance affected by the Joule heating.
The temperature rise by Joule heating is proportional to the electrical power according to

the following relationship:

AT =R,P=R,i’R, (3.3)

where Ry, is the thermal resistance (°C/W), P is the electrical power, and i is the applied

current. Combining Egs. (3.2) and (3.3) gives

% =aAT =aR,i’R. (3.4)

0

Because R in Egs. (3.3) and (3.4) is a temperature-dependent term, it is also a function of
i. This is because the Joule heating due to the applied current increases the temperature of
the material, and in turn increases its resistance. Subsequently, this may cause a
temperature rise again. This recurring process will be equilibrated when the system
reaches the thermal equilibrium by dissipating heat to the surroundings in a steady state

fashion. As a result, the AR/R, vs. i relationship after thermal equilibrium can have an
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exponent higher than 2. The current dependency of AR/R, was deduced from the log-log

plot of AR/R and i as shown in Fig. 3.10, leading to

AR/R, =0.158-i*', (3.5)

A similar result was obtained when the chamber temperature was set to 140°C:

AR/R, =0.157-i*', (3.6)

As seen in Fig. 3.10, the electrical behavior of solder joints with Cu and Ni UBM did not

show any noticeable difference.
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Figure 3.10: Plot of the resistance increase as a function of the applied current when the
chamber temperature was set to 120°C.
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The AR/R, relationship experimentally obtained was then substituted to Eq. (3.2)
to determine A7. At the applied current of 0.81, 1.01 and 1.11 A, AT (i.e. temperature
difference between the test structure and the chamber) was found to be ~28, 45 and
55.5°C. Considering the temperature difference between the Si backside and the chamber
as shown in Table 3.1, this indicated that the temperature of the test structure was ~20, 33
and 36°C higher than the Si backside temperature, respectively. However, this would be
valid only when the temperature gradient along the current path was negligible. Since the
temperature gradient was expected to exist inside the test structure (including solder
joints, die traces and substrate traces), the AT obtained above would only represent an
averaged temperature rise in the test structure. Therefore, a supplemental analysis should
be performed in order to determine the temperature at a specific region such as solder

joints.

3.3.3.2 Coupled Electro-Thermal Finite Element Analysis

To supplement the experimental Joule heating results, the temperature distribution
inside the test structure was modeled using a coupled electro-thermal finite element
method (FEM). A detailed description of the FEM simulation is provided in Appendix A.
FEM was conducted on the Cu UBM structure only because the TCR and Joule heating
experiments showed no distinguishable difference between the Cu and the Ni UBM
structure. The resistance values for the current path from FEM results agreed well with
the experimental result. At 0.81, 1.01 and 1.11 A of the applied current, the solder joint
temperature turned out to be higher than that at the Si backside by 10, 15 and 17°C,
respectively as depicted in Fig. 3.11. The maximum temperature in the current path was
observed in the substrate Cu trace, the length of which was ~33 mm. Although the very

thin die traces were also a major source of Joule heat, their temperature was lower than
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the substrate trace temperature. This was because the Joule heat from die traces could be
dissipated effectively through Si die which is a good thermal conductor. As a result, the
temperature difference within the solder was less than 3°C, being slightly higher at the
substrate side than the die side. The thermal gradient was about 375 °C/cm. Because
thermomigration (TM) was reported in Pb-In solder alloys at a thermal gradient of 1200
°C/cm [3.14] and in Pb-Sn at >1000 °C/cm [3.15, 3.16], TM was not a factor affecting

the mass transport in this study with the relatively low thermal gradient.
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Figure 3.11: Simulated temperature (in K) of the anode solder joints with Cu UBM under
current stressing of (a) 0.81 A, (b) 1.01 A, and (c) 1.11 A. Top — die side;
bottom — substrate side.
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3.3.4 Determination of Electromigration Activation Energy (Q) and Current Density
Exponent (n)

From the EM lifetime data, the EM activation energy and the current density

exponent for solder joints were calculated using the Black’s equation [3.17]:

ty=Aj™" exp(%) , (3.7)

where #50 is the median time to fail (MTTF), 4 is a constant, j is the current density, » is
the current density exponent, Q is the activation energy, k is the Boltzmann constant, and
T is the absolute temperature. First, activation energies for EM were determined with the
corrected solder temperatures under the current stressing of 1.01 A. The corrected solder
temperatures from various Si backside temperatures were obtained by FEM and the
results are summarized in Table 3.4. Figure 3.12 depicts Arrhenius plots to obtain
activation energies. The EM activation energies were found to be little dependent on the
failure criteria applied for each type of UBM. The activation energies for Sn-2.5Ag
solder joints with Cu UBM and Ni UBM were determined to be 1.0 = 0.3 eV and 0.9 +
0.2 eV, respectively, based on the first resistance jump criterion. These values were in
good agreement with those from Cu-Sn and Ni-Sn IMC growth experiments in the
literature, respectively [3.18-3.22]. This suggests that IMC growth due to the
interdiffusion between the UBM material and the Sn-based solder plays a significant role
in solder EM reliability. Further discussion on the activation energy will be given in

Chapter 4.
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Figure 3.12: EM activation energies after taking into account the Joule heating effect
under current stressing of 1.01A, based on (a) the open failure criterion, and
(b) the first resistance jump criterion.
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Table 3.4: Summary of temperature dependent EM lifetime, after the solder
temperature correction. The applied current was 1.01 A (j =5.16 % 10*
Alem?).
Si backside | Simulated £5o (hs)
temperature | solder temp. Open failure criterion First resistance jump criterion
°C °C
O O Cu UBM Ni UBM Cu UBM Ni UBM
115 130 1570 407 464 379
130 145 690 288 444 243
140 155 192 132 93 96
150 165 144 56 49 45

Current density exponents were also deduced using Eq. (3.7). However, this was

not as straightforward as the activation energy calculation. Although the experiments to

study the current density dependence were done with the Si backside temperature fixed,

the solder temperature under each current density condition was found to be different due

to the difference in Joule heating as shown in Table 3.5. Thus an extrapolation of the

MTTFs obtained from different solder temperatures, 150, 155 and 157°C, was performed

to deduce MTTFs which corresponded to a fixed reference temperature. 140°C was

chosen as the reference temperature. Several different reference temperatures were also

tried, but the choice of the reference temperature had a negligible effect on the final

result. Extrapolation was done using the Black’s equation and the activation energies

obtained above. The MTTFs at 140°C after extrapolation are summarized in Table 3.5.

With these lifetime data, the current density exponents were determined as shown in Fig.

3.13.
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Figure 3.13: Refined current density exponent after taking into account the Joule heating,
based on (a) the open failure criterion, and (b) the first resistance jump
criterion.
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Table 3.5:  Summary of current density dependent EM lifetime extrapolated to the
arbitrarily fixed solder temperature of 140°C, after the solder temperature
correction was made.

Applied Simulated Extrapolated #so (hrs) at the solder temp. of 140°C
current | solder temp. Open failure criterion First resistance jump criterion
A °C
®) €O Cu UBM Ni UBM Cu UBM Ni UBM
0.81 150 1995 545 461 490
1.01 155 572 306 260 242
1.11 157 686 284 313 261

For reference, the current density exponents without the Joule heat consideration
were 5.1 (Cu UBM) and 3.3 (Ni UBM) based on the open failure criterion, and 3.5 (Cu
UBM) and 2.9 (Ni UBM) based on the first resistance jump criterion. Larger n values
typically indicate that significant Joule heat is generated. Therefore, a current density
exponent for solder joints would be overestimated without appropriate Joule heat
treatment. This can lead to a significant error in reliability prediction at field conditions.
Note that the current density exponent of Cu UBM solders was strongly dependent on the
failure criteria. This reflects that the resistance fluctuation period for solders with Cu
UBM became substantially longer when the current density was small as seen in Table
3.5. Thus the EM lifetime of solder joints with Cu UBM reduced more at a lower current
density when the first resistance jump criterion was applied. This resulted in a smaller n
value based on the first resistance jump criterion for Cu UBM solders. Considering that
extrinsic factors such as severe Joule heating or solder melting may play a role after the
onset of jittering, the n values obtained based on the first resistance jump criterion could

be more reasonable.
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3.3.5 Electromigration Damage Evolution

Because the die trace was thin (0.8-1.0 um thick) compared with the substrate
trace (16-18 um thick), current crowding mainly occurred in anode joints at the region
where electrons flowed in from the die trace. As a result, EM failures always occurred in
anode joints since the failure rate in there was much faster than in cathode joints. In
cathode joints, EM voids were rarely observed although significant IMC growth was

often observed.

3.3.5.1 Solder Joints with Thick Cu UBM

Due to the current crowding effect, EM failures were always observed in anode
joints where the electron flux flowed from the die side to the substrate side, consistent
with the results reported in other studies [3.11, 3.24, 3.25]. Figures 3.14(b)-(d) show
morphological changes in solder joints during thermal aging or EM test for 263 hrs at
140°C (Si backside temperature). For comparison, a pristine solder joint in the as-
received condition was included in Fig. 3.14(a). A small number of Kirkendall voids
were formed during solder reflow as can be seen in the figure between Cu UBM and
CueSns. The CuzSn phase should be present between Cu UBM and CueSns [3.26]
although this layer was too thin to be identified in Fig. 3.14(a).

Although fatal EM damage was developed only in the anode joint (Fig. 3.14(d)),
some microstructural changes were still observed in the joint without current stressing
and in the cathode joint. Without current passing (Fig. 3.14(b)), the number of Kirkendall
voids increased and the scallop-shaped CusSns phase became flattened during thermal
aging. This is because Cu was the dominant diffusing species and the valleys in the

scallop-shaped CueSns phase were the faster diffusion path for Cu atoms [3.26]. The
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increase of Kirkendall voids and the CusSns flattening process progressed further with a
longer aging time and increasing temperature.

When electric current was applied, additional microstructural changes were
observed. In the cathode joint (Fig. 3.14(c)), (Cu,Ni)sSns migrated from the substrate pad
or top-surface-metallization (TSM) on the substrate side toward the die side as a result of
Cu and Ni migration. Cu atoms migrated from the initial (Cu,Ni)sSns phase formed on
the Ni(P) substrate finish layer during solder reflow. Ni atoms migrated from both the
initial (Cu,Ni)¢Sns phase and the substrate finish layer. This led to a decrease of Ni
concentration with distance from TSM to IMC. Meanwhile, the CusSn layer grew thicker
between UBM and CugSns under current stressing. The density of Kirkendall voids also
increased but the density difference with and without current stressing was not
distinctive. At this point, most of the Kirkendall voids were still located in the CuszSn
layer near the UBM/Cu;Sn interface while the Cu UBM continued to be depleted in the
process of IMC growth as shown in Fig. 3.14(c). This indicates that Sn atoms were driven
by current through the IMC layers to react with Cu atoms, while Cu atoms diffused into
solder in the direction opposite to the electron flow. Without Sn diffusion, the additional
depletion of Cu UBM cannot be explained as compared with the case without current
stressing (Fig. 3.14(b)). Without Cu diffusion, on the other hand, Kirkendall voids would
have moved toward the substrate side away from the Cu UBM/CusSn interface. Thus
both Cu and Sn atoms interdiffused in the cathode joint, but the diffusion of Cu atoms
might be somewhat suppressed as its direction is opposite to the electron wind force.

In the anode joint (Fig. 3.14(d)), a significant amount of IMC formation and
damage evolution was observed. Most of the Cu UBM dissolved into solder to form
IMCs. A large domain of CueSns, enhanced by the electron flow, was formed to develop

an extended morphology in concert with the electron flux. In contrast, the Cus;Sn layer
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maintained its parallel interfaces, i.e. the Cu UBM/Cu;Sn interface and the CuzSn/CusSns
interface were almost parallel to each other during CusSn growth as shown in Fig.
3.14(d). The amount and location of Kirkendall voids in the anode joint were similar to
those in the cathode joint. Interestingly, the Kirkendall voids in the CusSn layer had very
little to do with EM-induced voids which led to gross failure as shown in Fig. 3.14(d).
Nevertheless, the formation of Kirkendall voids during thermal aging or under current
stressing can raise other reliability concerns since they weaken the mechanical strength of

solder joints [3.26].
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Figure 3.14: SEM micrographs of solder joints with Cu UBM. (a) A joint in a pristine
sample, (b) a joint without current stressing at 140°C for 263 hrs, (c) a
cathode joint and (d) an anode joint with 1.01 A current stressing. (b)-(d) are
from the same sample.
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Figure 3.14: (cont’d) SEM micrographs of solder joints with Cu UBM. (a) A joint in a
pristine sample, (b) a joint without current stressing at 140°C for 263 hrs, (c)
a cathode joint and (d) an anode joint with 1.01 A current stressing. (b)-(d)
are from the same sample.
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Since EM failure was observed only in anode joints in this study, the voiding
process in anode joints was extensively investigated. Figure 3.15 displays EM damage
evolution in the anode joint with Cu UBM. At an early stage, IMC layers grew by
consuming Cu UBM (Fig 3.15(a)). The V, increase was negligible in this stage. Next,
EM-induced voids were initiated at the CugSns/solder interface as shown in Fig. 3.15(b).
These voids grew independent of Kirkendall voids observed in the Cu;Sn layer after
solder reflow. At this point, V, was still only a few mV but gradually increasing,
corresponding to an increase of several mQ2 in resistance. The current crowding effect on
UBM consumption and void initiation was found to be weak owing to the thick Cu UBM
structure. Crowded electrons at the corner of Cu UBM could be relaxed or spread out
through the thick UBM before they reached the IMC/solder interface. Figure 3.15(c)
depicts a solder joint after an abrupt jump to ~40 mV in V,. At this stage, substantial
CueSns growth was observed, and EM voids were widespread in the CusSns layer near
the CuzSn/CueSns interface. Note that the voiding location moved from the CugSns/solder
interface to the vicinity of the Cu3Sn/CusSns interface. Before discrete voids were
connected to each other (Fig. 3.15(b)), the ligament between the voids had a high current
density, which further enhanced CusSns growth with simultaneous void enlargement.
Simultaneously, vacancies were driven toward the die side to compensate for the flux
imbalance. Chao et al. developed a 1-D vacancy transport model using a finite difference
method and showed that vacancies were accumulated in the CusSns layer near the
Cu3Sn/CugSns interface in a Cu-Sn diffusion couple under current stressing [3.27]. This
was partly attributed to the fact that the diffusivity (D) and the effective charge number
(Z*) of Cu in the CusSns layer was found to be larger than those in the Cu;Sn layer. The
resistance increased abruptly when the discrete voids became connected to form a global

crack, the process of which could have been aided by tensile stress developed during
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IMC formation. The solder joint was almost open at this stage as shown in Fig. 3.15(c),
which is consistent with what was expected in Fig. 3.4. At this stage, CusSns grew
preferentially through the limited region where solder was still connected. Increased local
current density at this region could result in fast IMC growth until failure. When an open
failure finally occurred, an extensive formation of CusSns was observed spanning out
from the IMC on the die side to the substrate side as shown in Fig. 3.15(d). The void size
increased further while the Cu3Sn layer grew but at a lower growth rate compared with
CueSns. This eventually led to crack that propagated through the CueSns phase near the

Cu3Sn/CueSn; interface.
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Figure 3.15: EM damage evolution in the anode joint with Cu UBM. (a) Initial stage of
Cu depletion, (b) void initiation prior to the resistance jump, (c) crack
propagation subsequent to the resistance jump, and (d) final open failure.
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Figure 3.15: (cont’d) EM damage evolution in the anode joint with Cu UBM. (a) Initial
stage of Cu depletion, (b) void initiation prior to the resistance jump, (¢)

crack propagation subsequent to the resistance jump, and (d) final open
failure.
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3.3.5.2 Solder Joints with Thin Ni UBM

Figure 3.16 shows the morphology of cross-sectioned solder joints with Ni UBM
after 150 hrs of an EM test at 130°C (Si backside temperature) with 1.01 A. For the
control sample without current stressing, a thin Ni3Sns layer had been formed between
the Ni UBM and the solder during solder reflow, otherwise little change occurred in the
solder (Figs. 3.16(a) and (b)). In the cathode joint with current stressing (Fig. 3.16(c)), Ni
atoms from the substrate finish layer migrated through the solder toward the die side to
form Ni3;Sny4 to sustain the growth of Ni3Sny on the die side. In contrast, Ni3Sns growth on
the substrate side was enhanced at the beginning but subsequently retarded as Ni in the
substrate finish layer was depleted. When Ni was sufficiently depleted, needle-like
fissures were found in the Ni(P) finish layer as shown in Fig. 3.16(c). This may degrade
mechanical strength of the cathode solder joints. This also indicates that electromigration
of Ni is faster than Sn although Chen et al. considered Sn to be the dominant diffusing
species in the Sn/Ni/Sn reaction couple with current stressing [3.28]. In the anode joint
(Fig. 3.16(d)), EM-induced voids formed at the Ni3Sns/solder interface as a result of
enhanced growth of Ni3Sns by the current flow. The growth of Ni3Sns was slower than

CueSns, resulting in a slower dissolution of Ni UBM than that of Cu UBM.
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Figure 3.16: SEM micrographs of solder joints with Ni UBM. (a) A joint without current
stressing at 130°C for 150 hrs, (b) a magnified view of (a), (c) a cathode
joint and (d) an anode joint with 1.01 A current stressing. (a)-(d) are from
the same sample.
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Figure 3.16: (cont’d) SEM micrographs of solder joints with Ni UBM. (a) A joint
without current stressing at 130°C for 150 hrs, (b) a magnified view of (a),
(c) a cathode joint and (d) an anode joint with 1.01 A current stressing. (a)-
(d) are from the same sample.
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Damage evolution in the anode joint with Ni UBM is depicted in Fig. 3.17. At an
early stage where the change in V, was negligible, initial voids were found at the current
crowding location as shown in Fig. 3.17(a). Some part of Ni UBM was dissolved into
solder to form NizSny. Continued testing led to the growth of voids, which propagated
through the Ni3;Sny/solder interface (Fig. 3.17(b)). At this point, the IMC growth was not
substantial and had a relatively small volume of void formation. Although voids occupied
well over a half of the interface, V, was only a few mV. Compared with Cu UBM, Ni
UBM showed void growth in more regular fashion through the Nis;Sns/solder interface.
This could account for the more gradual increase of V, as seen in Fig. 3.3. Further void
growth increased the local current density, leading to accelerated IMC and void growth.
In Fig. 3.17(c), void volume became much larger and the amount of Ni3Sn, increased in
the region where solder was still connected. This stage corresponded to ~ 10 mV of V,
where voids occupied nearly 70 % of the IMC/solder interface. Figure 3.17(d) shows the
EM damage state of a solder joint in the middle of unstable resistance fluctuation. At this
stage, the solder joint became almost open with a large amount of IMC accumulated on
the substrate side. Some solder joints were melted after this stage due to the substantial

increase of Joule heat prior to the final open failure.
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Figure 3.17: EM damage evolution in the anode joint with Ni UBM. (a) Ni depletion and
void formation, (b) void propagation along the IMC/solder interface, (c)
further IMC and void formation, and (d) a nearly opened solder.
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Figure 3.17: (cont’d) EM damage evolution in the anode joint with Ni UBM. (a) Ni
depletion and void formation, (b) void propagation along the IMC/solder
interface, (c¢) further IMC and void formation, and (d) a nearly opened
solder.
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3.4 SUMMARY

EM studies were conducted on Pb-free Sn-2.5Ag solder joints with Cu and Ni
UBM in organic flip-chip packages. Si backside temperatures of 115, 130, 140 and
150°C were chosen for tests with 1.01 A current stressing. Two more tests at 140°C were
performed with 0.81 and 1.11 A in order to determine the current density exponent. To
supplement the open-failure criterion, a first resistance jump failure criterion was used to
analyze EM lifetime results. Solder joints with thick Cu UBM had a longer lifetime than
those with thin N1 UBM, based on the open-failure criterion; however, the lifetime of Ni
UBM solders was comparable if the first resistance jump criterion was applied. This was
due to the longer resistance fluctuation period of solder joints with thick Cu UBM.
Numerical analysis of V, in combination with failure analysis showed that solder was
almost open after the onset of unstable resistance fluctuations. Experiments and finite
element analysis were conducted to determine the temperature of solder joints under
current stressing. After the Joule heating effect was taken into account EM activation
energies () and current density exponents (n) were determined. Q = 1.0 eV for Cu UBM
solders and O = 0.9 eV for Ni UBM solders. n = 1.5 for Cu UBM solders and n = 2.1 for
Ni UBM solders, based on the first resistance jump criterion. In solder joints with Cu
UBM, EM voids initiated at the CugSns/solder interface but the voiding location moved
near the CuzSn/Cu¢Sns interface as IMCs and voids grew. The EM-induced voids
evolved independently of the initial Kirkendall voids in the Cu3Sn layer. In solder joints
with Ni UBM, initial EM voiding was observed at the current crowding location and

failure occurred at the Ni3Sny/solder interface where voids initially formed.
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Chapter 4: Electromigration (EM)-Enhanced Intermetallic Compound
Growth in Pb-Free Solder Joints and Its Effect on EM Reliability

In the previous chapter, morphology changes in Pb-free solder joints were
discussed under current stressing conditions. One of the key differences which
distinguish Pb-free solders from Pb-based solders in electromigration (EM)-induced
damage, is the extensive intermetallic compound (IMC) formation in the Pb-free solders.
In this chapter, EM-enhanced IMC growth is studied and compared with IMC growth
without current stressing. It was found that the IMC growth in thermally aged solders
followed a parabolic growth law. In contrast, when current was applied, the IMC growth
showed a linear dependence on time. Furthermore, finite element method (FEM) results

of IMC-induced stress indicated that IMC growth could accelerate the EM damage.

4.1 INTRODUCTION

Since its inception nearly 40 years ago, the flip chip technology has gained
momentum over the past decade to meet the ever-increasing demand for high I/O density
and pin count as well as superior electrical performance and a small form factor [4.1,
4.2]. Historically, Pb-Sn has been the dominant alloy used as solder bumps for flip-chip
packages. However, worldwide regulations including RoHS and WEEE to ban hazardous
Pb due to environmental concerns have driven the industry to switch to Pb-free solders
[4.3, 4.4]. In Pb-Sn solders, Sn is the primary element reacting with the under-bump
metallurgy (UBM) such as Cu or Ni to form IMCs, while Pb remains inactive [4.5, 4.6].
In Sn-based Pb-free solder joints, the IMC growth was found to be substantially enhanced

by EM by virtue of virtually inexhaustible supply of Sn from the solder [4.7-4.9].
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IMC formation is accompanied by volume changes. Table 4.1 summarizes molar
volumes of Cu, Ni, Sn, and their IMCs. When Cu and Ni atoms react with Sn atoms to
form CusSn, CueSns, and NizSng, the overall volumes decrease by 7.7 %, 5.1 %, and 11.4
%, respectively. This could induce tensile stress within the solder joint, which may
further degrade EM reliability when combined with void formation due to the current
enhanced IMC formation. Moreover, excessive IMC formation can raise mechanical
reliability concerns of solder joints since IMCs are more brittle and have higher Young’s
modulus than the solder as shown in Table 6.1. Therefore, it was useful to investigate the
current-enhanced IMC growth in Sn-based Pb-free solder joints. Then, the effects of
extensive IMC growth on tensile stress evolution and EM reliability in solder joints were

further analyzed using FEM in combination with experimental data.

Table 4.1:  Physical properties of Cu, Ni, Sn and their intermetallics at room
temperature, excerpted from [4.10].
Parameter Cu Ni Sn CueSns CusSn NiszSny
Young’s Moduls
(GPa) 124 214 42 85.6 108.3 133.3
Molar volume 5 659 | 1630 | 1178 | 347 | 753
(cm’/mol)

4.2 EXPERIMENTAL DETAILS

Sn-2.5Ag flip chip solder joints with Cu (18 pm) or Ni (2 um) UBM were used
for this study. The test structure was the same as shown in Fig. 3.1. Two pairs of solder
joints were subject to a current stressing at elevated temperatures. The remaining solder
joints were thus under thermal aging only. Thermocouples were sandwiched between the

backside of Si die and the Cu plate to monitor the temperature. This temperature was kept
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constant throughout the given experiment. Experiments were conducted at various Si
backside temperatures with current stressing of 1.0 A or 0.8 A. The corresponding
average current density at the passivation opening was 5.16 x 10* A/cm” and 4.12 x 10*
Alem?, respectively. As an electric current was applied to test modules, the temperature
of solder joints increased due to Joule heating. As discussed in the previous chapter, the
temperature of solder bumps was about 10 and 15°C higher than the Si backside
temperature when the solder bumps were subject to 0.8 A and 1.0 A of current stressing,
respectively. The temperature of solder bumps without current stressing was about 5°C
lower than that with current stressing. The simulated solder temperatures for various test

conditions are summarized in Table 4.2.

Table 4.2:  Solder temperatures calculated by using FEM for various test conditions.

‘ Si backside Simulated solder temperature (°C)
Applied current (A) ¢ ture (°C
emperature (°C) Current stressing | No current stressing

1.0 115 130 125

1.0 130 145 140

0.8 140 150 145

1.0 140 155 150

1.0 150 165 160

To measure the IMC thickness, the samples were taken out to cross-section them
before they failed by EM. For solder joints under EM, only anode joints where electrons
flowed from the die side to the substrate side were investigated. The measurements were
conducted at several locations and then averaged. In case that the IMC morphology was

irregular, especially for solder joints under current stressing, the area of an IMC phase
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was calculated using image processing software and then it was divided by the initial
width of UBM to obtain the nominal thickness. In the current-stressed solders, the
electron current drove atoms of UBM toward substrate side leading to IMC growth at the
solder/substrate finish layer as well. In addition, IMCs from the UBM side and the
substrate side were sometimes bridged when extensive IMC growth occurred by EM. In
that case, IMC thicknesses at the UBM side and at the substrate side were added,

followed by subtraction of the initial IMC thickness on the substrate side.

4.3 RESULTS AND DISCUSSION

4.3.1 IMC Growth during Thermal Aging Only

Figures 4.1 and 4.2 show IMC growth and the accompanying morphology
changes during thermal aging in Cu and Ni UBM solders, respectively. IMC growth is
driven by the concentration gradient — more precisely, chemical potential gradient. The

mass flux is governed by Fick’s first law:

J=-D, (4.1)

where D is the diffusivity, and C is the concentration. The scallop-shaped morphology of
CueSns and NizSny became flattened as they were thickened. This is because Cu atoms
can diffuse faster into and react with Sn through the region where CueSns is thinner as
illustrated in Fig. 4.3 [4.11]. The flattening of Ni3;Sns can be understood with the same
explanation. This flattening process is also controlled by thermodynamics because the
surface energy of the IMC grains to the solid solder is higher than that to the liquid solder

[4.11, 4.12]. The layer-type CusSn also grew with aging time. Meanwhile, the number
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and the size of Kirkendall voids in the Cus;Sn layer increased due to the diffusion of Cu

into Sn. For Ni-Sn diffusion couples, however, Kirkendall voids were not observed.

Cu3Sn

Kirkendalll‘*voids " CueSns

10 pm

Figure 4.1: IMC growth in Cu UBM solders at 150°C. (a) After 117 hours, and (b) after
1594 hours.
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Ni38n4

10 pm

Ni38n4

" 10um

Figure 4.2: IMC growth in Ni UBM solders at 150°C. (a) After 71 hours, and (b) after
430 hours.
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Figure 4.3: Schematic illustration of microstructural evolution at the interface between
solder and Cu: (a) after reflow; (b) after aging. The vertical arrows in (a)
indicate the diffusion of Cu atoms, while those in (b) indicate the moving
directions of the boundaries during aging [4.11].

The IMC layer growth can be expressed by an equation of the usual form [4.13]:

x=x,+kt" 4.2)

where x is the thickness at time ¢, xo is the initial thickness at # = 0, k is the growth rate
constant, and n is the time exponent indicative of the IMC growth mechanism. The
exponent, n, is 0.5 if bulk (lattice) diffusion is the rate-controlling mechanism, while n =
1 if the growth is controlled by interfacial reaction. Other n values ranging from 0.21 to

0.37 have been reported for interfacial solid-liquid reactions [4.14-4.20]. Schaefer et al.
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1/4
observed a ¢

dependence of the IMC growth between Cu and liquid Sn-Pb solder, and
proposed a grain boundary diffusion controlled mechanism for thin IMC layers with the
predicted n = 1/3 [4.21]. They explained that the discrepancy could be due to the
transition of the predominant transport mechanism from grain boundary diffusion to
slower volume diffusion. For n = 1/3, a mechanism similar to grain coarsening was also
proposed [4.18]. Vianco ef al. found that n = 0.5 for lower temperatures (70°C, 100°C,
and 135°C) and n = 0.42 for higher temperatures (170°C and 205°C) from their study on
IMC growth of pure Sn, Sn-3.5Ag, and Sn-5Sb solders.

Figure 4.4 shows the thickness changes of each IMC as a function of Jiime at
different temperatures. Relatively large error bars for CusSns and Ni3Sns were attributed
to the large variance of thickness over the irregular scallop morphology. Obviously, the
growth rate increased with increasing temperature. The thickness was found to be a linear
function of 7%, confirming that the growth kinetics of the IMCs followed the parabolic
diffusion-controlled growth law under thermal aging. As the IMC layer becomes thicker,
the atomic diffusion through IMC layers takes a longer time leading to slower IMC

growth. CueSns showed the fastest growth rate and Cu;Sn the slowest of three IMCs. The

growth rate constant, k, is summarized in Table 4.3.
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Figure 4.4: IMC thickness as a function of aging time without current stressing. (a)
Cu3Sn, (b) CueSns, (c) total Cu-Sn IMCs, and (d) Ni3Sng.
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Figure 4.4: (cont’d) IMC thickness as a function of aging time without current stressing.
(a) Cu3Sn, (b) CueSns, (c) total Cu-Sn IMCs, and (d) Ni3Sng.
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Table 4.3:  IMC growth rate constant, & (in nm/h" %), without current stressing.

Solder temperature (°C) CusSn CueSns TOtﬁ{/I%I:SH NizSny
125 4 23 27 -
140 6 34 40 11
150 15 53 71 18
160 - - - 28

The ratio of k for the e-phase (CuszSn) to the n-phase (CueSns) increased with
aging temperature as can be seen in Table 4.3. This was also predicted by Mei et al. in
their multiphase diffusion model for Cu-Sn diffusion couples [4.32]. The effect of
isothermal aging on Cu-Sn diffusion couples can be analyzed in three temperature ranges:
low (T < 70°C), intermediate (70°C < T < 170°C), and high (T > 170°C) temperatures. It
has been observed that, upon thermal aging of a Cu-solder diffusion couple with #-phase
layer at the interface at low temperatures, the #-phase grew in thickness without forming
the e-phase [4.33-4.36], while at high temperatures the e-phase formed immediately
[4.33-4.35, 4.37]. For annealing at intermediate temperatures, the e-phase started to form
after an incubation time [4.34, 4.37, 4.38]. This incubation time decreased with
increasing temperature. The e-phase has been shown to grow at the expense of the #-
phase and has a higher activation energy of formation. Thus, the growth of the e-phase
becomes more prominent at higher temperatures [4.35, 4.36]. The absence of ¢-phase at
low temperatures and the presence of the incubation time at intermediate temperatures
were also explained with Cu-Sn equilibrium phase diagram [4.42]. The #-phase is in
equilibrium with Sn saturated with Cu, while the e-phase is in equilibrium with Cu

saturated with Sn. During solder reflow, Cu may not have a chance to be saturated with
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Sn even at the reflow temperature because Cu dissolves into the molten solder. This
means the initial phase formed at the interface is likely to be the #-phase. Moreover, the
diffusivity of Sn in Cu (~10* m%/s at 220°C) is very low compared with that of Cu in Sn
(~10"" m?s at 220°C). Therefore, during an annealing process the e-phase would not
appear until Cu becomes saturated with Sn. Harrison ef al. found both #- and e-phases
when Sn0.7Cu solder was reflowed on Cu-Sn metallization whereas they found only #-
phase when the metallization was pure Cu [4.43].

Also, IMC growth characteristics are influenced by the interdiffusion mechanism
of Cu and Sn. Previous studies [4.22, 4.36, 4.39-4.41] suggest that interstitial diffusion of
Cu is dominant at lower temperatures (< 170°C), while vacancy diffusion of Sn becomes
predominant at higher temperatures (> 170°C). Inert markers in a Cu-Sn diffusion couple
moved toward the Cu side at low temperature (< 170°C) [4.36], but toward the Sn side at
high temperature (> 170°C) [4.22, 4.40, 4.41].

Figure 4.5 plots the thickness increase of the CuszSn layer. The incubation time
was also observed in this study at the intermediate temperature range although it was not

very straightforward to determine the incubation times with those limited data points.
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Figure 4.5: Thickness increase of the Cu3Sn layer during thermal aging at intermediate
temperatures (125-150°C).

From the temperature dependent growth rate constants the apparent activation
energy for IMC growth can be calculated. In case of n = 0.5 in Eq. (4.2), &* has the same
unit, m%/s, as the diffusivity. The apparent activation energy for IMC growth can be

determined by the following Arrhenius equation [4.22-4.31]:

k* =k; exp[— %J, 4.3)

where k* is the square of the growth rate constant, k¢ is the pre-exponential factor, Q is

the apparent activation energy, R is the gas constant, and 7 is the aging temperature. The
activation energy is obtained from the slope of the Arrhenius plot. Figure 4.6 plots In k>
vs. 1/T for Cu-Sn and Ni-Sn IMCs. The apparent activation energies were determined to
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be 1.1 £ 0.3 eV for (CuzSn + CugSns), 1.3 £ 0.6 eV for CuszSn, 0.9 £ 0.2 eV for CusSns,
and 1.41 = 0.04 eV for Ni3Sny. Here, the upper and lower bound in the activation energy
were expressed using the standard error. As discussed above, the activation energy for the
e-phase was larger than that for the n-phase. The apparent activation energy for the
growth of the total Cu-Sn IMCs is in good agreement with the EM activation energy for
Cu UBM solders (1.0 + 0.3 eV) discussed in the previous chapter (see Fig. 3.12(b)). This
indicates that the Cu-Sn IMC growth plays a critical role in controlling the EM reliability.
For the NisSny growth, the apparent activation energy is higher than the EM activation
energy for Ni UBM solders (0.9 + 0.2 eV as in Fig. 3.12(b)). This will be discussed

further later on.
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Figure 4.6: Arrhenius plot for the growth rates of Cu-Sn and Ni-Sn IMCs.
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Tables 4.4 and 4.5 summarize apparent activation energies reported by various
researchers for the growth of Cu-Sn IMCs and Ni3Sny, respectively. Temperature
dependency of the activation energy was also studied in [4.30, 4.34, 4.49, 4.50, 4.59],
which suggested different interdiffusion characteristics of Cu and Sn, or Ni and Sn, as
discussed earlier. Overall, the apparent activation energies vary significantly between the
experiments. They have been ascribed to the differences in the microstructure of the
metallization (UBM or substrate) layer as well as IMC layers due to the differences in
processing of the diffusion couples. The different grain size and the morphology of the
layers can have a substantial effect on the IMC growth kinetics [4.42].

Addition of minor elements can also change the growth kinetics. Pinizzotto ef al.
added 4.5 wt.% of Ni particles in eutectic SnPb solder on Cu substrate and found that the
resulting activation energies increased from 0.8 eV to 2.17 eV for the 5-phase [4.65].
Choi et al. added 20 vol.% n-phase particles to eutectic SnPb and eutectic SnAg solders
and found that Q for the e-phase growth increased from 1.15 eV to 1.67 eV (eutectic
SnPb) and 1.20 eV to 2.10 eV (eutectic SnAg) [4.25]. For the test module used in this
work, Ni atoms from the Ni-P substrate finish layer was expected to saturate the molten
solder during the second solder reflow. Therefore, relatively high activation energies for
the Cu-Sn and Ni-Sn reactions in this work are not surprising.

Another way commonly used to obtain apparent activation energies is using an
empirical power law equation [4.12, 4.34,4.37,4.42,4.50, 4.61, 4.64, 4.66]:

X=x,+ Aexp(— %Jz" , (4.4)

where A4 is a constant. Comparing Eq. (4.4) with Egs. (4.2)-(4.3), it is clear that the
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apparent activation energy calculated from the former is equal to half that from the latter.
This is also responsible for the large variation in the activation energy. A consensus
needs to be made on which equation to be used. Equations (4.2)-(4.3) seems a better
choice when the IMC growth is controlled by lattice diffusion (parabolic growth law; n =
0.5), because & is closely related to the diffusivity as seen in Eq. (4.3). For this reason,
Egs. (4.2)-(4.3) were used throughout this study. Regardless of the choice, the fitting

quality (i.e. the R value) remained the same.
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Table 4.4:  Apparent activation energy for the Cu-Sn IMC growth.

Soldering L Temperature Apparent activation
Solder alloy method Metallization range (°C) energy (eV) Ref.
Cu3Sn | CugSns | Total
Sn Cu 180-210 1.34 | 1.39 - [4.44]
60Sn-40Pb Hot dipping Cu 100-175 - - 0.25 |[4.45]
Sn Electroplating Cu 70-170 - - 0.29 |[4.46],
60Sn-40Pb Electroplating Cu 70-170 - - 0.34 | [4.47]
Sn Cu 190-220 0.63 | 0.55 | 0.60 |[4.22]
Sn Electroplating Rolled Cu 70-170 - - 0.30 |[4.48]
. 22-140 - - 0.27
Sn Electroplating | Phosphor bronze 140220 . - 051 [4.49]
70-205 0.45 - 0.68
Sn Hot dipping Cu tab 70-135 - - 1.09 [4.34]
170-205 - - 0.26
63Sn-37Pb Hot dipping Cu tab 70-170 0.22 - 0.47
70-205 0.52 - 0.61
Sn-3.5Ag Hot dipping Cu tab 70-135 - - 1.05
170-205 - - 0.44
70-205 0.52 - 0.63 [4.50]
Sn-5Sb Hot dipping Cu tab 70-135 - - 0.83
170-205 - - 0.40
63Sn-37Pb Reflow Cu pad 70-170 - - 1.09 |[[4.51]
63Sn-37Pb Reflow Cu strip 50-150 - 1.15 -
Composite 63Sn-37Pb Reflow Cu strip 50-150 - 1.67 - [4.25]
Sn-3.5Ag Reflow Cu strip 70-180 - 1.20 -
Composite Sn-3.5Ag Reflow Cu strip 70-180 - 2.10 -

Sn-1.2 at.% Cu Hot dipping | Cu (3.5 at.% Sn) 100-170 0.87 | 0.59 | 0.80 [[4.37]
63Sn-37Pb Reflow Electroless Cu/Au 80-160 - - 0.31 |[[4.35]
63Sn-37Pb Electroplating|  Sputtered Cu 85-150 ; OIS
63Sn-37Pb Reflow Electroplated Cu 125-170 - - 1.25

Sn-3.5Ag Reflow Electroplated Cu 125-170 - - 1.19 [4.52]
Sn-3.8Ag-0.7Cu Reflow Electroplated Cu 125-170 - - 0.94
Sn-0.7Cu Reflow Electroplated Cu 125-170 - - 1.00
Sn-3.2Ag-0.8Cu 70-150 - - 0.74 |[4.53]
Sn-3.5Ag Reflow Cu pad 70-170 0.92 [ 0.50 | 0.67 |[4.54]
Sn-58Bi Reflow Cu sheet 70-120 - 1.33 - [4.55]
Sn-58Bi Reflow Cu sheet 70-200 094 | 1.02 | 1.11 |[4.56]
Sn-3.5Ag Reflow Cu sheet 70-200 0.78 | 0.57 | 0.68 |[4.57]
Sn-3.5Ag-0.75Cu Reflow Cu sheet 100-200 0.83 | 0.51 | 0.65 |[4.58]
Sn-3.5Ag Hot dipping Cu coupon 70-170 - 0.61 0.78 |[4.29]
. 100-150 - - 0.66
Sn Electroplating | Electroplated Cu 150-175 - - e [4.30]
Sn Reflow Electroplated Cu 125-180 - - 0.57 |[[4.31]
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Table 4.5:  Apparent activation energy for the Ni3;Sny growth.

Solder alloy | Soldering method Metallization Tempera;ture Apparent activation Ref.
range (°C) energy (eV)
Sn Electroplating Electroplated Ni 100-150 0.60 [4.59]
150-175 0.94
Electroless Ni 75-160 0.31
Sn Electroless Ni/Au 75-160 0.19
Electroless Ni/Pd 75-160 0.25
Electroless Ni 75-160 0.13
Sn-3.5Ag Electroless Ni/Au 75-160 0.55 [4.24]
Electroless Ni/Pd 75-160 0.07
Electroless Ni 75-160 0.29
63Sn-37Pb Electroless Ni/Au 75-160 0.41
Electroless Ni/Pd 75-160 0.19
Sn-58Bi Hot dipping Ni slab 85-120 0.93 [4.60]
63Sn-37Pb Reflow Electroplated Ni/Au 80-160 0.47 [4.61]
SnPbAg Reflow Electroplated Ni/Au 125-175 1.62 [4.62]
SnAg Reflow Electroplated Ni/Au 125-175 1.61
Sn-3.5Ag Reflow Electroless Ni-P/Au 70-170 0.75 [4.54]
Sn-58Bi Reflow Electroless Ni-P 70-120 0.85 [4.55]
Sn-3.5Ag-5Bi Reflow Electroless Ni-P 100-170 0.55 [4.63]
Sn-3.5Ag Reflow Electroless Ni-P 100-170 0.51 [4.28]
Sn-37Pb Reflow Electroless Ni-P 130-190 1.46 [4.64]
Sn-3.5Ag Reflow Electroless Ni.-P 130-190 1.14 [427]
Sputtered Ni 130-190 0.94
Sn-3.5Ag Reflow Electroplated Ni/Au 150-200 0.17 [4.12]
Sn Electroplating Electroplated Ni 100-10 0.60 [4.30]
150-175 0.94
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4.3.2 IMC Growth with Current Stressing

Figure 4.7 shows cross-sectional SEM images of IMC growth in Cu UBM solders
under current stressing. The effect of the electric current on IMC formation was found to
be very significant. The enhanced growth of the x-phase (CusSns) was especially
apparent during an extended time period of current stressing. Gan and Tu observed a
polarity effect in solder joints where the IMC growth was enhanced on the anode side
while it was retarded on the cathode side [4.8]. In this study, the IMC growth on both
sides was enhanced under current stressing as seen in Fig. 4.7. The n-phase grew in a
non-uniform fashion representing the electron flow direction. It was often observed that
the extensively grown x-phase from the UBM side was bridged to the substrate finish
layer as shown in Fig. 4.7(b). Figure 4.7(b) also shows that the e-phase (CuszSn) became
apparent after an extended period of current stressing. Nevertheless, the e-phase
maintained its layer-type morphology, meaning that the layer was quite conformal. This
finding supports that the e-phase grows at the expense of the n-phase [4.35, 4.36, 4.67].
Therefore, an IMC reaction mechanism under current stressing is proposed as follows.

For the n-phase growth,

6Cu +5Sn — CugSns at CugSns/solder interface. 4.5)

Cu atoms primarily driven by the electron current migrate to the CugSns/solder interface

to react with Sn. And for the e-phase,

CueSns — 2Cus3Sn + 3Sn at CuszSn/CugSns interface, (4.6a)
9Cu + 3Sn — 3CusSn at Cu/CusSn interface. (4.6b)
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First, CueSns at the CuzSn/CueSns interface is dissociated into CuzSn and Sn. Then Sn
diffuses to the Cu/CusSn interface driven by the concentration gradient to react with Cu.
In this way, the CusSn layer grows at both interfaces and can preserve its conformality.
The above processes, under a non-uniform current stressing condition, are illustrated in
Fig. 4.8, where the local growth rate of CusSns is assumed to increase only with local
current density. In reality, however, the local growth rate is not a function of current
density only, as seen in Fig. 4.7(b). It can be also dependent on phase boundary mobility,
grain orientation of Sn matrix, and possibly others. Further research on this area can help
in-depth understanding of the IMC growth kinetics and morphology evolution under EM,
which is beyond the scope of this dissertation.

The current-enhanced Ni;Sny growth is shown in Fig. 4.9. It was not as aggressive
as the CueSns growth. In addition to the slower growth of Ni;Sny, its growth could be

limited by the volume of the thin Ni UBM.
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Figure 4.7: IMC growth in anode joints with Cu UBM under 1.01 A of current stressing
for (a) 30 hours at 145°C, and (b) 1536 hours at 130°C.
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Figure 4.8: Schematic diagram of IMC growth under a non-uniform current stressing
condition. An arbitrary current density (j) profile is shown above. The dotted
arrows indicate atomic migration or diffusion paths for the formation of
IMC:s at interfaces, and the solid arrows indicate the resulting interfacial
movements.
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Figure 4.9: IMC growth in Ni UBM solders under 1.01 A of current stressing for (a) 88
hours at 155°C, and (b) 121 hours at 155°C.
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The nominal thickness changes of the IMCs in the anode solder joints are shown
in Fig. 4.10. With the passage of an electric current, Gan et al. reported parabolic growth
kinetics for IMC growth [4.8]. In this study, however, the current-enhanced IMC growth
was found to follow linear growth kinetics except for the e-phase. Figure 4.10(a) plots the
thickness of the CuszSn layer as a function of m . The growth of Cu3;Sn was more
likely to follow the parabolic growth law under the EM condition although its
temperature dependence was not readily understood. This suggests the Cu3;Sn growth was
a diffusion-controlled process. Yet the growth rate constant, k£, was more than 10 times
larger than without current stressing. Figures 4.10(b)-(d) plot the other IMC thicknesses
versus time. The growth of both CusSns and NizSns were well described by the linear
time dependence. The total Cu-Sn IMC thickness also closely followed the -dependence
because CueSns was the dominant phase in the IMC growth. The IMC growth rate

constants for the case of n = 1, w, are summarized in Table 4.6.
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Table 4.6: IMC growth rate constant, w (in nm/h), with current stressing.

Solder t(ec:’r(rg)erature Appliezi ():urrent CucSns TotIal{/I%l;-Sn NisSn,
130 1.0 12 16 -
145 1.0 22 25 6.8
150 0.8 47 58 27
155 1.0 81 93 23
165 1.0 - - 46

To understand the IMC growth phenomena under current stressing it is important
to solve the flux equation. Under current stressing conditions, both the chemical potential
gradient and the electron momentum transfer contribute to the diffusion of atoms. The

mass transport can be expressed by a general form:

oC D _.
+Joy =—D—+C—Z7 ey, 4.7
chem EM ax kT p] ( )

J=J
where Jehem 1S the mass flux driven by chemical potential gradient, Jgy 1s the mass flux
driven by the electron momentum transfer, D is the diffusivity, C is the concentration, £ is
the Boltzmann constant, 7 is the temperature, 7" is the effective charge number, e is the
electron charge, p is the resistivity, and j is the current density. Obtaining a general
solution of Eq. (4.7) for Cu-Sn diffusion couples is not trivial because Eq. (4.7) needs to
be applied to each of four phases (that is, Cu, Cus;Sn, CueSns, and Sn) and there are three
moving phase boundaries. Furthermore, the critical material properties such as D and A
have never been reported for Cu and Sn in the IMC phases. H.-L. Chao recently

developed a multiphase diffusion model for a Cu-Sn diffusion couple under current
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stressing, and deduced unknown material properties in the IMC phases from the
experimental data shown in Figs. 4.4 and 4.10 using the finite difference method and
simulated annealing technique [4.68-4.70]. He predicted the growth kinetics of CugSns
changed from parabolic to linear as the current density increased as shown in Fig. 4.11.
This is because the second term on the right side of Eq. (4.7) becomes dominant at a high
current density condition. Figure 4.12 depicts the simulated growth of Cu3;Sn and CusSns
under 5.16 x 10*A/cm? of current stressing. This current density was equivalent to an
average at the passivation opening when 1.0 A of current was applied. The growth of
CueSns clearly shows the linear time dependence. However, the simulated growth rate of

CusSn decays faster than the parabolic growth law.

0.9 4 |==5.16x10* Amp/cm?
0.8 7 | === 5.16x10° Amp/cm?

0.7 7 | e 5.16x102 Amp/cm2
0.6 1
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Figure 4.11: CueSns growth under various current stressing conditions simulated by H.-L.
Chao [4.70].
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Figure 4.12: EM-enhanced IMC growth with current density of 5.16 x 10* A/em®
simulated by H.-L. Chao. (a) Cu3Sn, and (b) CusSns [4.70].

When the second term on the right side of Eq. (4.7) is dominant, the EM-
enhanced IMC growth follows the linear time dependence. In order to analyze the
temperature dependency of the EM-enhanced IMC growth in this condition, Eq. (4.2) can

be applied with n = 1:
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X =Xx,+wt, (4.8)

where the growth rate constant £ in Eq. (4.2) is replaced by w to avoid confusion with the
previous analysis on the thermal aging case. It is straightforward to find that w has units
of velocity. Since the IMC growth is accomplished by atomic migration to a phase
boundary, the IMC growth rate is proportional to the velocity of the net atomic
movement, which is called the EM drift velocity [4.71]. From Eq. (4.7), the drift velocity

1s defined as

*

D . D .
v, :EZ epj :k—;exp(—%)Z epj . (4.9)

Therefore, the temperature dependence or apparent activation energy can be determined
from an Arrhenius plot of v,;7/j. Figure 4.13 plots w7/j as a function of temperature for
CueSns, (CuzSn + CueSns), and NizSns. The activation energies were found to be 1.2 +
0.3eV,1.1£0.3eV,and 1.3 +0.7 eV, respectively. The values for the Cu-Sn IMCs were
slightly larger than those determined from the thermal aging experiments, while that for
Ni3Snys was smaller. Although the differences were not statistically significant, the errors
could be attributed to the outliers in Fig. 4.13. In fact, although the cross-sectioning of
solder joints was conducted before they failed, EM voids were already developed in some
solder joints under current stressing. This could increase the local current density

distribution subsequently leading to the change in the growth rate.
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Figure 4.13: Arrhenius plot of w7/j where w is the EM drift velocity and growth rate of
CueSns, (CusSn+ CugSns), and NizSny under current stressing.

The activation energies determined from different experiments in this study are
summarized in Table 4.7. As discussed in the previous section, the EM reliability of
solder joints with Cu UBM was found to be closely related to the IMC growth. The fact
that the activation energies determined from three different measurements were in good
agreement supports this finding. For Ni UBM solders, the activation energy for EM is
lower than those associated with the IMC growth. Possible reasons are given as follows
although a concrete conclusion cannot be made at present. First, Sn grain orientation was
reported to have a significant effect on the EM failure mode or damage evolution in Ni
UBM solders because the diffusivity of Ni along the c-axis of Sn is ~10° times faster than

along the g-axis. According to Lu ef al., when the Ni diffusion path was aligned with the

140



c-axis of Sn, Ni UBM dissolved fast without significant IMC growth under EM [4.72].
Under this circumstance, the mass transport should be dominated by interstitial diffusion
of Ni in Sn matrix, not by interdiffusion-driven IMC growth. Thus, this could have an
effect on the difference in the activation energies determined from EM and IMC growth,
although the Sn grain orientation in the solder joints is expected to be random. Second, in
addition to EM of Ni atoms, EM of Sn atoms at the IMC/solder interface toward the
substrate side is expected to be more prominent in the thin UBM structure than in the
thick UBM structure due to the current crowding effect. This will contribute to EM
damage evolution whereas it is not accounted for in the IMC growth measurements.
Third, the thickness variation of the Ni UBM used in this study was £0.5 pm. The UBM
may deplete faster in a region where the UBM thickness is thinner than other regions.
Then the EM failure kinetics would be described differently from the interdiffusion-

driven IMC growth kinetics.

Table 4.7:  Summary of activation energies for Cu-Sn and Ni-Sn systems obtained from
different experiments.

Type of measurement
Solder joint IMC EM failure |IMC growth w/o | IMC growth w/
lifetime current stressing | current stressing
CusSn 1.3+0.6eV -
Cu UBM solder CugSns 1.0+£03¢eV 09+02eV 1.2+£03eV
Total Cu-Sn IMCs 1.1£03eV 1.1£03eV
Ni UBM solder Niz;Sny 09+02eV | 141 £0.04¢eV 1.3£0.7eV
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4.3.3 Effects of EM-Enhanced IMC Growth on EM Reliability

For the solid-state reaction between Cu and Sn, and Ni and Sn, the following

reactions lead to the IMC formation:

9Cu + CugSns — 5CusSn, (4.10)
6Cu + 5Sn — CuSns, 4.11)
3Ni + 4Sn — NizSny. (4.12)

At the solder joint temperature of 155°C, the molar volumes of Cu, Ni, Sn, CusSn,
CueSns, and NisSny were 7.16, 6.63, 16.43, 35.01, 118.72, and 75.68 cm3/m01,
respectively. Therefore, IMC growth results in a net volume change of -4.4%, -5.1%, and
-11.6% for CusSn, CueSns, and NizSng, respectively. If there is a negative volume change
due to IMC growth, the IMC should be subjected to tensile hydrostatic stress due to
confinement effect. Since the linear growth kinetics was observed for the IMC growth
under high current stressing conditions, this volume change can have a significant effect
on the reliability of solder joints. Finite element analyses were performed to investigate
the stress evolution arisen by an extensive IMC growth.

Figure 4.14 shows the model geometry for Cu and Ni UBM structures. An
axisymmetric analysis was conducted for this study. The solder radius was 63 pm and the
gap height between the Si die and the organic substrate was 80 um. Cu UBM had a radius
of 38 um and an initial thickness of 17 pm. For Ni UBM, its radius and initial thickness
were 49 um and 2 um, respectively. The thickness of the interlayer dielectric (ILD; SiO;)
was 5 um. Flat and uniform interfaces were assumed for UBMs and IMCs. In the Cu
UBM structure, no IMC was assumed to be present on the vertical sidewall of Cu UBM
for simplicity. The top surface of the Si die, the bottom surface of the substrate, and the
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right-side surface of the model in Fig. 4.14 were constrained as boundary conditions.
Material properties used in the analysis are summarized in Table 4.8. The properties at
the experimental test condition were used if available. The plasticity of Sn-3.5Ag solder,
Cu, and Ni was taken into account. Either a constitutive equation or strain-hardening
parameters for these materials were taken from the literature [4.73-4.75]. Stress-strain
curves for Sn-3.5Ag solder, Cu, and Ni are depicted in Figure 4.15. The stress evolution
was investigated as a function of the IMC growth using FEM. The volumetric shrinkage
during the IMC growth was modeled by utilizing a fictitious thermal load and a
coefficient of thermal expansion (CTE). The experimental data at 155°C with 1.0 A
shown in Fig. 4.10 were interpolated as listed in Tables 4.9 and 4.10. The FEM

simulation was performed based on these IMC growth data.
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Figure 4.14: Geometry of axisymmetric FEM model for solder joints with (a) Cu UBM,

and (b) Ni UBM.
Table 4.8:  Material properties used in FEM.
Temp. (°C) E (GPa) v gy, (MPa) Ref.
Sn-3.5Ag 155 38.4 0.4 8.9 [4.73]
Cu 155 83 0.34 130 [4.74]
Ni 200 137 0.28 323 [4.75]
CusSn’ 155 92 0.3 950 [4.76]
CueSns 155 73 0.31 1050 [4.76]
NisSny" 155 113 0.33 1010 [4.76]
Ni(P) 25 50 0.3 - [4.77]
Underfill 155 0.9 0.35 7 [4.78, 4.79]

ILD (Si0Oy) 25 70 0.2 -

Si 140 130 0.27 -
Substrate (BT) 140 15 0.2 - [4.80]

"The properties at 155 °C were linear-extrapolated from the room temperature data in [4.76], based on the

temperature dependence of the properties of Cu and Ni.
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Figure 4.15: Stress-strain curves for Sn-3.5Ag solder (at 155°C) [4.73], Cu at (155°C)

Table 4.9:  Thickness changes of each layer in Cu UBM solders at 155°C with 1.0 A,
interpolated from data shown in Fig. 4.10.

Time (h) 0 42 83 125 167 208

Cu UBM thickness (um) 17 15.5 13.9 12.4 10.9 9.3

Cu;3Sn thickness (um) 0 0.5 1.0 1.5 2.0 2.5

CueSns thickness (um) 6.4 9.8 13.1 16.5 19.9
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Table 4.10: Thickness changes of each layer in Ni UBM solders at 155°C with 1.0 A,

interpolated from data shown in Fig. 4.10.

Time (h) 0 44 89 133 178
Ni UBM thickness (pm) 2 1.7 1.5 1.2 0.9
Ni3Sny thickness (um) 1 2 3 4 5

During IMC formation, the negative net volume changes should cause tensile
stresses. According to the Nabarro-Herring model of equilibrium vacancy concentration
in a stressed solid, the tension region has more and the compressive region has less
vacancies than the unstressed region so as to relieve stresses. The vacancy concentration

in equilibrium under stressed conditions is expressed as [4.81]:
Qo
C, =C, exp| — |, 4.13
v Vi p[ T j ( )

where C, is the vacancy concentration, C, is the equilibrium vacancy concentration

in an unstressed condition at temperature 7 (in K), Q is the atomic volume, o is the stress,

and kT is the thermal energy. Grain boundaries were assumed to be an effective source

and sink to maintain a steady-state concentration of vacancies: C, which is given by

[4.82]:

AH
C, =3exp| —— |, 4.14
v XP( RT j ( )

where C, is the equilibrium vacancy concentration at temperature 7' (in K), AH, is
the enthalpy of vacancy formation, and R is the gas constant. Typical values for C, at

melting temperature and AH |, are ~10*-107 and ~0.5-1.0 eV, respectively. The stress
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induced by chemical reactions shown in Egs. (4.10)-(4.12) was calculated based on the
AVIV, for each reaction. The resulting values of C, were approximately 0.2% for the
Cu-Sn IMCs and 2.4% for the NizSny at 155°C. It was assumed that the equilibrium
molar volumes of the IMC phases under the stressed condition increased by these
vacancy concentrations and induce a volumetric strain as the FEM input.

Figure 4.16 shows a hydrostatic pressure (negative hydrostatic stress) contour for
the thick Cu UBM structure with 1.0 um of CuzSn and 9.8 um of CusSns. Cu UBM was
subject to a hydrostatic compressive stress (positive hydrostatic pressure in the figure)
while IMCs were under a hydrostatic tensile stress (negative hydrostatic pressure). The
maximum hydrostatic stress was found in the CueSns layer near the CuszSn/CueSns
interface. The stress gradient also existed through the thickness of the IMC layers. A part
of the Cu UBM and solder was found to undergo plastic deformation. Figure 4.17 depicts
the maximum hydrostatic stress evolution in Cu UBM solders at 155°C as a function of
time for IMC growth. As the thickness of the IMC layers increased and that of the UBM
layer decreased, the confinement effect by the thick Cu UBM was reduced. At the same
time, plastic deformation occurred in more volume of the Cu UBM and solder. Thus, the
maximum stress in the CusSns layer decreased with IMC growth. Figure 4.18 shows a
hydrostatic pressure contour for the thin Ni UBM structure with 4.0 pm of Ni3Sny. The
IMC layer was also under tension and the maximum stress was found near the
Ni3Sngs/solder interface. The hydrostatic tensile stress was higher than that in the Cu
UBM solder although the IMC thickness was much thinner. This was attributed to the
fact that the formation of Ni3Snys involved more than 2x volume shrinkage compared to
the Cu-Sn IMCs. In the Ni3Sny layer and solder, plastic deformation occurred. The
maximum stress evolution in Ni UBM solders as a function of the current stressing time

is plotted in Fig. 4.19. Because the Ni UBM was thin the confinement effect by Si should
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be more significant than that by the UBM. This led to the stress in the IMC layer
increasing with the growth of Ni3Sn4. Yet the stress increment over time decreased due to
the plastic deformation of the IMC layer.

A large hydrostatic tensile stress can increase the equilibrium vacancy
concentration and may trigger void nucleation. However, it was found that, for metal
interconnect lines, homogeneous void nucleation by vacancy condensation required very
high hydrostatic stress of the order of >5 GPa, and the rate of nucleation on a grain
boundary was also very slow [4.81, 4.83]. This could also be true for the IMCs, with
some exceptions. As discussed in Chapter 3, voiding was not observed in cathode joints
except the interdiffusion-driven Kirkendall voids (in case of Cu UBM solders) even
though the extensively-grown IMCs were often found there. Also, the stress gradient can

drive an atomic flux, described as [4.84]:

= %%—Z . (4.15)
Again, any evidence of this effect was not observed in cathode joints. However, when a
flaw or void is present in the region of high hydrostatic tension, the resulting stress
gradient causes metal atoms to diffuse away from the void to relax the stress [4.85]. In
anode joints, EM-driven voids were observed in the IMC layer or at the IMC/solder
interface. Therefore, once the initial void was formed in the high tensile stress region the
void growth could be accelerated. In other words, the EM-driven vacancy flux and EM-
enhanced IMC growth can have an synergistic effect on the EM damage evolution in

solder joints.
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Figure 4.16: Hydrostatic pressure contour in a Cu UBM solder at 155°C with 1.0 pm of
Cu3Sn and 9.8 um of CueSns (at time = 83 h).
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Figure 4.17: Maximum hydrostatic stress evolution in Cu UBM solders with IMC growth
at 155°C.
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Figure 4.18: Hydrostatic pressure contour in a Ni UBM solder at 155°C with 4.0 pm of
NizSny (at time = 133 h).

700

695

690

O}, max (MPa)

685

680 ! ! ! ! ! ! ! !
40 60 80 100 120 140 160 180 200

Time (h)

N
o

Figure 4.19: Maximum hydrostatic stress evolution in Ni UBM solders with IMC growth
at 155°C.
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4.4 SUMMARY

This chapter discussed the IMC growth in Pb-free solder joints with and without
current stressing. The growth rate was found to follow a parabolic growth law when
current stressing was not present. Under high current stressing, a linear growth law was
observed for the growth of CusSns and NizSns. For Cu UBM solders, the apparent
activation energy for the IMC growth was in good agreement with the activation energy
for EM obtained in Chapter 3. This indicates the EM voiding mechanism was closely
related to the IMC growth driven by interdiffusion. In contrast, the apparent activation
energy for the growth of Ni3Sns was higher than the EM activation energy for Ni UBM
solders. It was suggested that the EM failure in the Ni UBM solders could associated with
more than one mass transport mechanism whereas the IMC growth kinetics was
controlled by the interdiffusion of Ni and Sn only. It was demonstrated using FEM that
EM-enhanced IMC growth led to a large hydrostatic tension in IMC layers. This
condition could accelerate the void growth once voids were initiated by EM in that region
although the accompanying plastic deformation of solder, UBM, and/or IMC may slow

down the stress evolution.
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Chapter 5: Effects of Current Crowding on Electromigration Reliability
of Solder Joints with Thin Ni UBM

In Chapter 3, electromigration (EM) reliability in solder joints with thin Ni UBM
was confirmed to be directly related to the current crowding at the entrance of electron
current. To characterize the effect of current crowding on the EM reliability of solder
joints quantitatively, EM tests were performed on Pb-free solder joints having different
thicknesses of Ni UBM. The UBM thickness dependency of EM lifetime was accounted
for by the current crowding effect based on finite element analysis (FEA). Combining
results from the experiments and FEA, the maximum current density at the UBM/solder
interface was found to be an important parameter controlling EM reliability. Further
analyses were conducted by FEA to evaluate the dependency of current density
distribution on the design of the metal trace. The results showed that the design
optimization for the metal trace was as important as the UBM thickness in controlling
EM reliability. To assess the scaling effect on EM reliability of solder joints, the current

crowding phenomena with scaling of solder joints are also addressed in this chapter.

5.1 INTRODUCTION

With continuing scaling of device feature sizes, the size and pitch of flip-chip
solder joints will continue to decrease. As a result, current density in solder joints will
rise to about 10* A/cm® when the solder diameter decreases below 100 pm [5.1].
Together with the implementation of Pb-free solders in flip-chip packages, this raises

serious electromigration (EM) reliability concerns. Comparing with high-Pb solders, the
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Pb-free solders have inferior current carrying capability and faster intermetallic
compound (IMC) growth rate. Both factors can accelerate EM failure.

Significant current crowding can occur in solder joints due to the abrupt change in
the cross-sectional area as electron current passes through the thin metallization layer to
enter the solder joints. This phenomenon has been known to be a key factor to induce EM
failure in solder joints with thin UBM structures [5.1-5.5]. Results from previous
simulation studies have reported that a thicker UBM can relieve current crowding
effectively [5.3, 5.6]. However, a quantitative correlation between current crowding and
experimentally determined EM lifetime, particularly for Pb-free solders with different
UBM thicknesses, has not been reported. Of particular concern to this problem are the
effects of metal trace (thin metal strip on the die side) design and solder joint scaling on
current crowding.

In this study, the effect of these issues on Pb-free solder joints was addressed.
First, EM experiments were performed on Sn-2.5Ag solder joints with Ni UBM of 1, 2,
and 3 pm in thickness. 3-D finite element analysis (FEA) was employed to obtain the
current density distribution in solder joints, and the maximum current density was
correlated to the EM lifetime. Second, the effect of metal trace design on the current
crowding was investigated. These included different thicknesses (1 and 2 um), materials
(Cu and Al), and geometries (rectangular and dog-bone shape). Simple modifications of
the metal trace design were demonstrated to mitigate the current crowding effect. Third,
the effects of solder joint scaling on current density distribution were studied using FEA

to assess EM reliability issues for next generation fine pitch solder joints.
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5.2 EXPERIMENTAL DETAILS

Three EM runs were conducted on Sn-2.5Ag solder joints with Ni UBM in plastic
flip chip packages. Each run comprised of testing the structure with UBM thickness of 1,
2, and 3 pum, respectively. Figure 5.1 shows cross-sectional micrographs of pristine solder
joints with different UBM thicknesses. About 1 um of NisSns layer was formed in as-
reflowed solder joints. The diameters of passivation opening, Al pad, and UBM, were 50,
54, and 94 um, respectively as marked in Fig. 5.1. The nominal diameter of solder bump
was 130 um, and the diameter of substrate pad was 94 um as shown in Fig. 5.2. The
stand-off height of the solder bump was about 53 um. The metal trace was a rectangular
Cu strip of 74 um in width and 1 pm in thickness.

Two pairs of solder joints, i.e. two cathode and two anode joints, were subject to
current stressing of 1.0 A at a chamber temperature of 126.5°C. The test setup was the
same as illustrated in Fig. 2.11. Due to the Joule heating effect, the temperature at the Si
backside increased to 136°C, which was kept constant throughout the run. A 3-D coupled
electro-thermal FEM modeling was performed to determine the temperature of solder
joints under current stressing as discussed in Chapter 3. The resulting solder temperature

was ~148°C.
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Figure 5.1: SEM images of upper part of pristine solder joints with (a) I pm, (b) 2 um,
and (c) 3 um of Ni UBM. Diameters of passivation opening, Al pad, and
UBM are marked.
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Figure 5.2: Diameters of solder bump and substrate pad.

5.3 FINITE ELEMENT MODELING

Commercial CAD software I-DEAS and FEM software ABAQUS were utilized
to characterize the current density distribution in solder joints. Figure 5.3 shows the 3-D
FEM model and mesh for a pair of solder joints. The dimensions of the geometry were
described in the previous section. The electrical conductivity of each material at the
experimental test condition is summarized in Table 5.1. The boundary conditions were
based on a surface current density applied at the bottom of one substrate pad based on 1.0

A of applied current and the bottom of the other substrate pad grounded at 0 V.
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Figure 5.3:

157



Table 5.1:  Electrical conductivity of the materials used in FEM.

Material Electrical conductivity (Q'm™)
Al 3.78 x 10’
Cu 5.8 x 10
Ni 1.43 x 10
Ni3Sny 3.5% 10°
Solder 8 x 10°

5.4 EXPERIMENTAL RESULTS

Figure 5.4 shows an example of resistance traces of solder joints with different
UBM thicknesses. Although it was not always the case, thicker UBM was prone to have a
longer resistance jittering period. The onset of jittering occurred at ~40-50 mV of V, (off-
balance voltage in the Wheatstone bridge configuration) or ~100 mQ of AR (resistance
rise) as discussed in Chapter 3. The EM lifetime was determined based on the first
resistance jump criterion where the onset of jittering was marked as failure.

The cumulative distribution function (CDF) of EM lifetime for different UBM
thicknesses is plotted in Fig. 5.5. The median-time-to-failure (MTTF or #59) was found to
be 103, 196, and 232 hours for 1, 2, and 3 um UBM, respectively. Apparently, no simple

linear relation could be established between UBM thickness and the EM lifetime.
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Figure 5.4: Example of resistance traces for (a) 1 um, (b) 2 pm, and (c) 3 pm of Ni
UBM.
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Figure 5.5: Log-normal CDF plot of EM lifetime of solder joints with Ni UBM of 1, 2,
and 3 um in thickness.

Cross-sectional micrographs of solder joints after current stressing are shown in
Fig. 5.6. EM voiding was observed at the Ni3Sns/solder interface preferentially in the
current crowding region and propagated through the interface. At the same time, the
UBM dissolved into the solder with further growth of Ni3Sns. While the thickness of
UBM shown in Fig. 5.6 is 3 um, the same failure mode was observed as UBM thickness
of 1 and 2 um. This agrees with other studies with thin UBM structures where initial EM
voiding was also observed in the current crowding region followed by void propagation

along the UBM/solder interface [5.2, 5.4, 5.7, 5.8].
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Figure 5.6:

SEM images of Sn-2.5Ag solder joints with 3 um Ni UBM at 1.0 A of
current stressing. (a) EM voiding initiated at a current crowding region and
propagated through the IMC/solder interface (AR ~ 10 mQ). (b) Failed
solder based on the first resistance jump criterion (AR ~ 160 mQ2). UBM
was almost depleted.
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5.5 DISCUSSION

5.5.1 Correlation between Current Crowding and EM Lifetime

In general, EM lifetime is correlated with temperature and current density through

Black’s equation [5.9]:

tyy =Aj™" exp(k%J , (5.1)

where s is the median-time-to-failure (MTTF), 4 is a constant, j is the current density, n
is the current density exponent, O is the EM activation energy, k is the Boltzmann
constant, and 7 is the absolute temperature. When this relationship is applied to EM data
for solder joints, the average current density at the passivation opening is usually used for
the j term for simplicity [5.7, 5.8, 5.10-5.12]. However, this simple approach does not
allow the prediction of EM lifetimes if design parameters other than the passivation
opening diameter are changed. To cope with this problem and find a quantitative
correlation between UBM thickness and EM lifetime, FEM analyses were performed to
examine the current crowding phenomena.

The simulation results for solder joints with 2 pum Ni UBM is shown in Fig. 5.7.
Since the cross-section of the metal trace was about 26 times smaller than that of the
passivation opening, the maximum current density, jmax, Was found at the entrance of the
passivation opening through which the electron current is passed (Fig. 5.7(a)). As a
results, the jmax in the solder bump was found right below this entrance of the passivation
opening (Fig. 5.5(b)). This is the region where EM voiding usually initiated as shown in
Fig. 5.6(a). As electrons traveled away from the metal trace in the solder joint, the current

density distribution became more uniform. The jy.x in each layer shown in Fig. 5.7(a) is
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compared with the average current density, jag, in the layer. The result is summarized in
Table 5.2 where the average current density is calculated by dividing the applied current
by the cross-sectional area of each layer. The ratio of jmax t0 jave 15 also included, which is
called “current crowding factor” or “crowding ratio” [5.3, 5.13]. This ratio increases with
the non-uniformity of the current density distribution. The current crowding factor was
found to be 23 at the top of Al pad (passivation opening), but decreased to 6.5 at the top

interface of the solder bump.

Table 5.2:  Average and maximum current density and current crowding factor (jmax /
Javg) In each layer.

Jave (10 AJem®) | jimax (10* AJem®) Jomax ! Jave
Metal (Cu) trace 135 187 1.4
Al pad (top) 5.1 117 23.0
. Top 38.8 27.7
Ni UBM

Bottom 14 19.0 13.6

Ni3Sny (top) ' 10.4 7.4
Solder (top) 9.1 6.5
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Figure 5.7:
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Current density contour for a solder joint with 2 pm Ni UBM at an applied
current of 1 A. (a) shows the entire solder joint system, and (b) shows the
solder bump only (rotated from (a) for better illustration of the area of

interest).

164



Figure 5.8 plots jmax in each layer as a function of UBM thickness. The UBM
thickness has little effect on the current density distribution in the metal trace, Al pad,
and the top portion of UBM. However, as the UBM thickness increases, the jmax at the
bottom portion of UBM decreases substantially. This is because an electric current could
spread out more readily throughout the thicker UBM. As a result, the jm.x at the top
interface of a solder bump, jmax, soider» reduced by 22% and 38% as the UBM thickness
increased from 1 pm to 2 and 3 pm, respectively. This can account for the non-linear
dependence of EM lifetime with the UBM thickness. A thick Ni UBM is not very
practical because the residual stress in thick Ni film is highly concentrated, especially on
the Si chip side [5.14].

EM voiding at the IMC/solder interface in Ni UBM solders can be attributed to
migration of Sn atoms, especially at an early stage of damage evolution. Thus jmax. solder
can be important in controlling the EM lifetime of Ni UBM solders, which is aggravated
by the current crowding effect. Figure 5.9 plots 5o with respect to jimax, solder fOr different
UBM thicknesses in a log scale. The slope from a linear regression was determined to be
—1.9 £ 0.5. In fact, this corresponds to (—#) in Eq. (5.1). This n value is reasonably close
to, but a little smaller than n = 2.2 + 0.9 obtained in Chapter 3. A possible reason is given
as follows. In Chapter 3, the average current density based on the passivation opening
diameter was used to determine the current density exponent. Although ja.. is
proportional to the applied current, jmax, solder may not be so. In fact, it is expected that
dimax/djave > 1 as the applied voltage increases. In this scenario, the n value in Chapter 3
would be smaller than 2.2 if jyax, solder 18 used. This suggests that jmax, solder Can be a more
reasonable representation of the j-term in Eq. (5.1) if the failure mechanism is associated
with the migration of Sn atoms under non-uniform current density distribution. Again, the
dependence of EM lifetime on UBM thickness or other design parameters cannot be

correlated simply with jgy,.
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5.5.2 Effects of Metal Trace Design on Current Crowding

Since jmax Was shown to be an important factor in controlling EM reliability of
solder joints, the effects of various metal trace designs on current crowding were
investigated using FEM. The model geometry shown in Fig. 5.3 served as a control
model to compare the results. In this model, the metal trace was a rectangular Cu strip of
74 pm in width and 1 pm in thickness. Five different metal trace designs as listed in
Table 5.3 were compared with the control. Individual design parameters such as material,
thickness, or shape of the metal trace can be changed in each model. Additionally, minor
modifications were made on the control in a way that small holes were created in front of
the entrance of passivation opening in an attempt to alleviate current crowding (Design

D/E).

Table 5.3:  Variations in metal trace design simulated by FEM.

Trace design Material Thickness Shape
Control Cu I pm Rectangle
A Al 1 pm Rectangle
B Cu 2 um Rectangle
C Cu 1 pm Dog-bone
D Cu I pm Rectangle w/ six (4 pm x 3.7 um) holes
E Cu 1 pm Rectangle w/ one (6 um x 22 pm) hole

Current density contours are shown in Fig. 5.10, and jn.x for each type of metal
trace design is plotted in Fig. 5.11. When Al was used for metal trace (Design A) instead
of Cu, the jmax in the Al pad (at spot “1”) increased by 29% compared with the control
design. This was because the electrical conductivity of Al was about 37% lower than that
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of Cu. Owing to the better conductivity of Cu, electrons can travel farther along the Cu
trace than the Al trace before they enter into the Al pad. As a result, the Al trace led to
8% larger jmax, solder-

When the thickness of metal trace increased to 2 um (Design B), jmax decreased
substantially. When j,,, in the trace was lowered by half, jm.x in the trace and Al pad (at
spot “2”’) was reduced by 49% and 32%, respectively. Accordingly, jmax, soider Was reduced
by 15%.

In Design C, where a dog-bone shape was applied, the width of the trace was
narrowed by half between the bump pads. A significant increase in jm,x Was observed due
to the reduction in the cross-section of the metal trace. The jimax, trace Was found at the spot
“3” shown in Fig. 5.10(c), which was about twice as large as that in the control design.
Also, a local jmax, race at the entrance of passivation opening (spot “4’) had a 36% larger
value compared with jnax, trace Of the control. Consequently, jmax. solder increased by 19%.
Apparently, this type of trace design will exaggerate the current crowding effect as well
as generate more Joule heat.

Design D and E included a minor modification to the control trace design. Design
D had six small holes in front of the entrance of passivation opening, while Design E had
one larger hole, as shown in Fig. 5.10(d)-(e). In Design D, jmax, race Was found at the spot
“5” shown in Fig. 5.10(d), which showed 31% larger jmax than the control. Except for
this, the current density distribution in Design D was very close to the control design. For
example, jmax, solder @S Well as the local jmax, wace at the entrance of passivation opening
(spot “6”) were found to decrease only by 1%. Thus the Design D offers only negligible
advantage in terms of relaxing current crowding.

In contrast, significant differences were observed in the results of Design E. At

first, the location of the local jmax, race at the entrance of passivation opening (spot “8”)
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was displaced from the symmetry plane because the hole in the middle split the current
flow. The resulting local jmax, trace at the spot “8” was found to be 12% lower than the
control design. Consequently, jmax, soider Which was also off the symmetry plane, was
dropped by 12%. However, jmax. trace at the spot “7” had an 86% larger value than jmax. trace
of the control, which could create a local hot spot around this region. This may cancel out
some gains achieved from the relieved current crowding. All in all, the material selection,
geometry, and dimensions for metal traces were found to be important design parameters

that should be considered to mitigate the current crowding effect.
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Figure 5.10: Current density distribution for various metal trace designs. (a) Design A,
(b) Design B, (c) Design C, (d) Design D, and (e) Design E.
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Figure 5.10: (cont’d) Current density distribution for various metal trace designs. (a)
Design A, (b) Design B, (c) Design C, (d) Design D, and (e) Design E.
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5.5.3 Effects of Solder Joint Scaling on Current Density Distribution

More FEM was performed to investigate the scaling effect on current density
distribution in solder joints. The scaling matrix for this study was based on a 1 A applied
current and tabulated in Table 5.4. Again, solder joints with 2 um Ni UBM shown in Fig.
5.3 was used as a control. In Model I, only the diameter of passivation opening was
scaled down by 20% while in Model II, the diameter of UBM was additionally reduced

by 21% with other dimensions remaining the same. Approximately uniform down-scaling
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of solder joint dimensions was applied in Model III and IV. The scaling factors for Model

IIT and I'V were about 20% and 40%, respectively.

Table 5.4:  Solder joint scaling matrix for FEM analyses (unit: um).

Scailing model Control Model I Model 11 Model 111 Model IV
Wrrace 74 74 74 64 (-14%) | 48 (-35%)
Apass. open. 50 40 (-20%) | 40 (-20%) | 40 (-20%) | 30 (-40%)
dusm 94 94 74 (-21%) | 74 (-21%) | 58 (-38%)
dsolder 130 130 130 110 (-15%) | 92 (-29%)

dsub. pad 94 94 94 74 (-21%) | 58 (-38%)

Tw: width, d: diameter.

Figure 5.12 shows the effects of scaling on jm.x in each layer of solder joints for
the aforementioned models. For Model I, jmax in the Al pad rose only by 8%, although the
Jave Increased by 56% due to the 20% reduction in the diameter of passivation opening.
The current crowding factor at the Al pad was determined to be 16, which was smaller
than 23 for the control model (see Table 5.2). This indicates that the current density
distribution in this layer was more uniform for the smaller passivation opening in spite of
the increased jag, provided that the width of the metal trace remained the same. At the
top of the solder bump, however, both jn.x and the current crowding factor increased by
10%.

For Model II, the reduction in UBM diameter in addition to the passivation
opening did not make a large difference compared to Model 1. For example, jmax, solder
increased by 10.5% compared to the control, which can be considered as a minor

difference.
172



In Model III, solder joints were scaled down by ~20% including the width of
metal trace, the nominal diameter of solder bump, and the diameter of substrate pad.
The result showed that jnax in the Al pad and on the top of the solder increased by 17%
and 18%, respectively. Considering that the diameters of solder bump and substrate pad
had little to do with the current density distribution in the upper part of the solder joint,
the scaling of the metal trace accounted for an additional 8% rise in jm.x. Therefore, the
dimensions of metal trace and passivation opening were found to be important in
controlling the level of current crowding in solder joints.

The solder joints were further scaled down by ~40% in Model IV compared with
the control. This corresponded to 280% increase in ja. in every layer of a solder joint
except the metal trace. In contrast, jmax in the Al pad and on the top of a solder increased
by 58% and 57%, respectively. The fact that j,.« did not scale up at the same rate as ja,
indicated the following. First, when solder joints were scaled down, the current crowding
factor (jmax/jave) decreased. In other words, the current density distribution became more
uniform although the overall current density level increased. And second, the current

density in areas outside of the current crowding region increased at a faster rate than jmax.
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Figure 5.12: Effects of solder joint scaling on maximum current density. The applied

current was fixed at 1 A.

5.6 SUMMARY

EM experiments were performed on Pb-free solder joints with different Ni UBM
thicknesses and supplemented by FEM to quantitatively determine the correlation
between current crowding and EM lifetime. When the UBM thickness increased from 1
pm to 2 and 3 pm, the jmax on the top of a solder decreased by 22% and 38% and led to
90% and 125% longer ts¢, respectively. The jmax, solder Was found to be a more appropriate
parameter than ju.e A1 pad to represent the current density term in Black’s equation.

Choosing in this way, the current density exponent, n, was determined to be 1.9 + 0.5.
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The effect of variations of metal trace design was examined by FEM, showing
that the metal trace design is an important factor to control the current crowding effect. A
rectangular, thick Cu trace might be the best choice without major modifications of the
current geometry and process. Placing a small hole in front of the entrance to passivation
opening could be an additional option to reduce jmax, solder, providing that a local hot spot
near the hole does not significantly increase the solder temperature.

FEM results of solder joint scaling showed that jmax did not increase as much as
Jave When solder joints were scaled down. The current crowding became less prominent
while j,, increased. It was also found that down-scaling of the diameter of UBM did not
have a significant effect on current crowding. Instead, current crowding was mainly
controlled by the cross-sectional area of the metal trace and the diameter of the
passivation opening.

In summary, UBM thickness, metal trace design, and passivation opening

diameter should be optimized to improve EM reliability of solder joints.
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Chapter 6: Electromigration versus Thermomigration in Pb-Free
Solder Joint Reliability

In previous chapters, the effects of electromigration (EM) on void formation,
morphology changes, and intermetallic compound growth in Pb-free solder joints were
discussed. Thermomigration (TM), atomic diffusion driven by temperature gradient, is
another concern recently raised for solder joint reliability. Nevertheless, the experimental
setup used in the previous chapters did not generate large enough thermal gradient to
cause noticeable TM in solder joints. In this sense, the results presented previously were
exclusively from EM only. In this chapter, the effects of TM on Pb-free solder joint
reliability is first evaluated. For this purpose, the experimental setup was modified to
create a large temperature gradient in solder joints. Under this condition, evidence of TM
was observed but the TM-induced damage looked statistically scattered. The results of

EM and TM are compared.

6.1 INTRODUCTION

Thermomigration (TM) is another forced diffusion mechanism analogous to
electromigration (EM) except that the driving force is a thermal gradient instead of an
electric potential gradient. This phenomenon is also known as the Ludwig-Soret effect.
Since first reported for a liquid mixture by Ludwig in 1856 [6.1], critical theoretical and
experimental works were established for solid metals by various researchers, especially in

1960°s [6.2, 6.3]. The driving forces for EM and TM are given by

Fou=Z"ep, (6.1)
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Foy =—(Q /T)VT, (6.2)

where F is the driving force, Z the effective charge number, e the electronic charge, p the
electric resistivity, j the current density, Q" the heat of transport per atom, and T the
absolute temperature. It was observed that TM was more predominant than EM in
refractory and transition metals such as Co and Pt [6.2]. However, for good conductors
used as typical interconnect metals, the ratio of the driving forces for TM to EM,
Frw/Fem, was estimated to be of the order of 107 only [6.4]. Therefore, TM has not been
a serious problem compared to EM in back-end-of-line (BEOL) interconnects.

In contrast, the effect of TM can be noticeable in solder joints if the thermal
gradient is in the order of 10° °C/cm because the current density is about 2 orders of
magnitude smaller than BEOL interconnects. Huang et al. found phase redistribution in
SnPb composite solders (97Pb3Sn with 37Pb63Sn) by TM where Pb moved to the cold
end while Sn toward the hot end [6.5]. The estimated temperature gradient for TM to
occur was 1000 °C/cm. Chuang and Liu created a temperature gradient of 1010 °C/cm in
a bulk sample of eutectic SnPb alloy to observe Pb depletion in the hot side [6.6]. Hsiao
and Chen applied an alternating current (AC) to eutectic SnPb solder bumps in which the
temperature gradient was measured to be 2143 °C/cm by infrared microscopy [6.7].
Similar to the previous studies, Pb-rich phase migrated toward the cold end (substrate
side). This is consistent with observations under EM where Pb was the dominant
diffusing species at temperatures above 100°C whereas the dominant diffuser was Sn at
room temperature [6.8-6.11]. The heat of transport, Q’, for eutectic SnPb solders was
determined to range from 0.23 eV to 0.28 eV [6.6, 6.7, 6.12]. For Pb-free solders, Chen ef
al. found that the Cu migration from the hot end to the cold end leading to dissolution of

the Cu UBM (5 um) and voids at the UBM/IMC interface [6.13]. The temperature
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gradient for TM to overwhelm EM in Cu UBM under the current density of 9.7 x 10
A/em” was estimated to be 400 °C/cm. A recent study by Hsiao and Chen showed that Sn
migrated toward the hot end in Sn-3.5Ag solder bumps under the temperature gradient of
2829 °C/cm generated by AC [6.14]. However, the UBM of 5 pm Cu/3 pm Ni looked
intact in this case. Q" of Sn was calculated to be -0.014 eV from measurements of marker
movements. Yet studies on TM in solder joints are still limited. Especially for Pb-free
solder joints, the effects of TM on atomic diffusion and intermetallic compound (IMC)
formation are not clearly understood. In addition, TM failure mechanisms need to be
identified for different UBMs, such as thin Ni and thick Cu.

In this study, the effects of TM on Pb-free solder joints were first investigated.
For this purpose, a special setup of experiments was employed to create a large
temperature gradient without a current flow. Tested solder joints were Sn-2.5Ag with thin
(1 pm) Ni UBM and thick (18 um) Cu UBM in organic flip chip packages. Then a
current was applied to a few bump pairs to generate comparable EM flux. Morphology
changes by EM and TM were compared by cross-sectional scanning electron microscopy

(SEM).

6.2 EXPERIMENTAL DETAILS

When a current is applied to a test module used in this study, Joule heat is
generated not only from the metal trace on the die side but also from the substrate trace
because the latter is long (~10 mm) and relatively narrow (~500 um?). For this reason,
applying a current alone cannot produce an enough temperature gradient in solder joints
to cause TM. Therefore, a special experimental setup was devised to maximize the
temperature difference between the top (backside) of the Si die and the bottom of the

substrate as shown in Fig. 6.1. The top of the die was placed on a Cu plate which was laid
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on a hot plate. On the other hand, the bottom of the substrate was cooled down by a high-
performance CPU cooler. The ambient temperature was room temperature. The
maximum temperature difference achieved across the 1.9 mm-thick package was 93 °C
as seen in Table 6.1. As a control, a sample was thermally aged but without a CPU
cooler. Thermal compound was applied between the Cu plate and the test module and
between the test module and the cooler base. Temperatures on the die top and the
substrate bottom were monitored by thermocouples.

Three samples of Sn-2.5Ag solder joints with 1 um-Ni UBM and two samples
with 18 um-Cu UBM were tested. Cross-section of each sample is depicted in Fig. 6.2.
The Cu UBM samples did not have an Al pad, unlike Ni UBM samples. The test
conditions are summarized in Table 6.1. Due to the use of hot plate, the die top
temperatures of the samples were not uniform. Samples B-E were subject to an
artificially large temperature gradient by using CPU coolers, while Sample A was used as
a control without a large temperature gradient. A current stressing of 0.5 A or 0.8 A was
applied to two pairs of solder joints (4th, 5th, 8th, and 9th bumps in the first row) in
Samples B-D as shown in Fig. 6.3. Based on the area of the passivation opening, the
corresponding average current density was 2.5 or 4.1 in 10* A/em?, respectively. Thus
these bumps experienced both EM and TM. The other solder joints were under TM only.
For all samples, resistance changes were monitored for the above two pairs of solder
joints using the Wheatstone bridge system described in Chapter 2. For Samples A and E,
a minimal current of ~5 mA was applied for the resistance measurements.

After the tests were finished the samples were cross-sectioned to reveal the first
row of the solder array as marked in Fig. 6.3. As such, total 31 solder joints were

examined under SEM.
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Figure 6.1: Schematic diagram of the experimental setup (not to scale). Thermal
compound (not shown) was applied between the Cu plate and the test
module and between the test module and the cooler base.

Table 6.1:  Summary of TM and EM test conditions.

Number of Die top Substrate bottom
Sample | - UBM Type of load bumps temperature (°C)" | temperature (°C)"
A Thermal aging 31 163 149
. EM (0.5A) + ™™ 4
B Ni >4 155 65
™ 27
(1 pm)
EM (0.8A) + TM 4
C 151 73
™ 27
EM (0.8A) + TM 4
D Cu 154 83
(18 um) ™ 27
E ™ 31 170 77

"Temperature variation: +4°C.
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Figure 6.2: Pristine solder joint with (a) Ni UBM (1 um), and (b) Cu UBM (18 pm).
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Figure 6.3: X-ray microscope image of solder bump arrays (shown as black solid
circles) in a test module. Resistance of two pairs of solder joints (4th, 5Sth,
8th, and 9th from left in the bottom first row) was monitored during test. 31
solder joints in the bottom first row were cross-sectioned after test. The
cross-sectioned plane is marked as a dotted line in red.

6.3 FINITE ELEMENT MODELING

Finite element method (FEM) analyses were performed to determine the
temperature distribution in the solder joints. A quarter of a sample was modeled with a 3-
D coupled thermal-electric solid element (SOLID69) in ANSYS as shown in Fig. 6.4(a).

Figure 6.4(b) shows a solder bump array with substrate traces connected to the 4th, Sth,
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8th, and 9th bumps from left in the first row. The die top and the substrate bottom
temperatures measured by thermocouples were used as boundary conditions.

To validate the model the resistance of the samples obtained from FEM was
compared with that measured by a digital multimeter at the beginning of the test. The
resistance was calculated from the voltage drop from the ball-grid-array (BGA) pad
connected to the 9th bump to the pad connected to the 4th bump as marked in Fig. 6.4(b).
The validation result is depicted in Fig. 6.5. The resistance values determined from

measurements and FEM results were in good agreement. The error was less than 7%.
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(a)

Figure 6.4: Finite element model. (a) Geometry and mesh of test module, and (b)
geometry of a bump array and substrate traces.
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Figure 6.5: Comparison of initial resistances from measurement and FEM as a model
validation.

The results of Sample B with two pairs of solder joints subject to a current
stressing of 0.5 A are shown in Fig. 6.6. It is seen in Fig. 6.6(a) that the temperature in
part of the substrate rose due to the Joule heat generated from the substrate traces. Figure
6.6(b) demonstrates that the metal (Cu) trace was a major source of Joule heat. Yet the
trace temperature at the top of the solder joint was much lower than that at the center of
the trace. This was because the heat could be dissipated through the solder bump and the
substrate trace as the substrate bottom was kept cooled down. Figures 6.6(c) and (d) show
contour plots of temperature and temperature gradient in the z-direction in the solder,
respectively. Similar to a current density distribution, the temperature gradient was not
uniformly distributed, indicating the heat flux crowding at the intersection of the metal
trace and the solder joint. As a result, the maximum temperature and temperature gradient

were found underneath the inner corner of the contact opening area.
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Figure 6.6: Contour plots of Sample B subject to 0.5 A of current stressing. (a)-(c)
Temperature contour (in K), and (d) z-component of temperature gradient
contour (in K/mm). (a) Package (quarter model), (b) solder joint pair, and
(c)-(d) cross-sectioned solder bump pair.
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Figure 6.6: (cont’d) Contour plots of Sample B subject to 0.5 A of current stressing. (a)-
(c) Temperature contour (in K), and (d) z-component of temperature
gradient contour (in K/mm). (a) Package (quarter model), (b) solder joint
pair, and (c)-(d) cross-sectioned solder bump pair.
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FEM results of all the test conditions are listed in Table 6.2 and plotted in Figs.
6.7 and 6.8. The solder temperature in Sample A was fairly uniform. The temperature of
solder joints under current stressing was higher than that without current stressing, due to
Joule heating. Nevertheless, the temperature gradients did not differ significantly. Solder
joints with thick Cu UBM did not manifest as large of a temperature gradient as those
with thin Ni UBM. This is because the height of the solder, which has lower thermal
conductivity than Cu, was reduced to accommodate thick Cu in the given space. The
temperature gradient in the Ni UBM solders was about 1000 °C/cm, while that in the Cu

UBM solders was 700-800 °C/cm.

Table 6.2:  Solder joint temperatures determined by FEM.

Sample Ty UBM.,top T solder,top T, solder,btm T. sub.pad,btm (d T / dz)avg,solder (d T / dz)max,solder
(uBM) | Typeofload| = oy (°C) (°C) (°C) (°C/cm) (°Clem)
A Thermal | 505 | 1595 | 1585 | 1585 160 230

(Ni) aging
EM (0.5A)
s T 131 130 123.5 123 1070 1530
i
(D) ™ 129.5 128 1215 121 1070 1500
EM (0.8A)
c M 137.5 137 131 131 980 1350
i
(D) ™ 1325 | 1313 | 1255 | 1255 950 1310
EM (0.8A)
5 M 1405 | 1395 | 1365 136 700 750
Cu
(Cu) ™ 1355 | 1345 | 1315 131 700 830
E ™ 146 144.5 141 141 810 1080
(Cu)

Tusm,op: temperature at the top of UBM.

Tsolder1op: temperature at the top of solder bump.

Tolderbtm: temperature at the bottom of solder bump.

Toubpadpem: temperature at the bottom of substrate pad.

(dT/dz)max solder: average temperature gradient in solder bump in z (vertical) direction.
(dT/dz) max solder: Maximum temperature gradient in solder bump in z (vertical) direction.
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Figure 6.7: FEM results of (a) temperature, and (b) average temperature gradient in a
solder bump.
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6.4 RESULTS AND DISCUSSION

The test results based on resistance measurements and failure analysis are

summarized in Table 6.3. Open failure occurred only in solder joints subject to current

stressing. TM load was maintained for a prolonged time after failure of a solder joint

under current stressing, because TM-induced damage was not expected to develop as fast

as EM damage.

Table 6.3:  Summary of TM and EM test results.

Sample | UBM Type of load Nlémber of Result
umps
A Thermal aging 31 Not failed until 139 days.
EM (0.5A) + T™M 4 Open-failed after 116 days.
B Ni
™ 27 Not failed until 138 days.
(1 pm) _
EM (0.8A) + T™ 4 Open-failed after 6 days.
C
™ 27 Not failed until 69 days.
Test interrupted after 12 days when V,
D EM (0.8A) +TM 4 reached 20 mV (AR ~ 50 mQ).
Cu
(18 pm) ™ 27 Not failed until 48 days.
E ™ 31 Not failed until 48 days.

Figures 6.8-6.14 show backscattered SEM images of cross-sectioned solder joints

in the first row of Sample A-E. A solder joint with Ni UBM annealed at 160°C for 139

days is shown in Fig. 6.8. The simulated average temperature gradient was 160 °C/cm. Ni

UBM of 1 um was completely consumed to form Ni3Snys IMC of ~4 um. This was

consistent with the fact that when 3 moles of Ni are react with 4 moles of Sn to form 1
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mole of Ni3Sny, the ratio of volume of Ni3Sny to Ni is approximately 3.8 (see Table 4.1).
Still, the resistance increase was not substantial.

Figure 6.9 shows solder joints with 0.5 A of current stressing in Sample B.
Figures 6.9(a) and (c) show solder joints in which electrons flowed from the substrate
side to the die side, while in Figs. 6.9(b) and (d) electrons flowed from the die side to the
substrate side. The 9th joint (Fig. 6.9(d)) has failed by complete dissolution of UBM. In
the 5th joint (Fig. 6.9(b)), UBM was depleted leading to a portion of the solder dewet
from the Al pad. It is interesting to notice that voids were found in the UBM of the 8th
joint (Fig. 6.9(c)). Under a typical EM condition, vacancies move toward the cathode side
so voids are not formed at the anode side. Thus, those voids might be induced by TM.
However, it could not be confirmed whether those voids were initiated while a current
stressing was present or after it was stopped.

Solder joints under TM without current stressing in Sample B are shown in Fig.
6.10. Voiding was observed in 6 solder joints (Figs. 6.10(a)-(f)) out of 27. The average
temperature gradient in the solder bump was 1070 °C/cm according to the FEM result as
shown in Table 6.2 and Fig. 6.7(b). Ni was found to migrate toward the cold end. The rest

of 21 solder joints had no noticeable TM damage as shown in Fig. 6.10(g).
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20.0kV 13.8mm x1.10k YAGBSE

Figure 6.8: Backscattered electron micrograph of a solder joint with Ni UBM in Sample
A after 139 days of thermal aging.

10um

20.0kV 13.6mm x1.00k YAGBSE

)
20.0kV 12.7mm x1.80k YAGBSE 20.0kV 12.7mm x900 YAGBSE

Figure 6.9: Solder joints with Ni UBM subject to a current stressing of 0.5 A in Sample
B. (a) 4th, (b) 5th, (¢) 8th, and (d) 9th solder joint.
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Figure 6.10: Solder joints with Ni UBM in Sample B after 138 days of TM stressing. (a)-
(f) show 6 solder joints with voids. The other 21 solder joints under TM
stressing only had no voids as shown in (g).
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Similar phenomena were observed in Sample C. Figure 6.11 shows 4 solder joints
with Ni UBM subjected to a current stressing of 0.8 A. The average temperature gradient
in the solder bump was determined to be 980 °C/cm by FEM (Table 6.2 and Fig. 6.7(b)).
Similar to the case of Sample B, all the Ni in the UBM was depleted (Fig. 6.11(b)),
followed by open failure (Fig. 6.11(d)). Under a large temperature gradient, Ni was
thought to be a dominant diffusing species as EM of Sn atoms could be somewhat
suppressed by TM because Os, < 0 [6.14]. In solder joints where electrons traveled to
the die side (Figs. 6.11(a) and (c)), no voids were observed although the TM load was
kept applied for 63 more days after the current stressing was stopped.

Figure 6.12 shows selected solder joints without current stressing in Sample C.
According to the FEM result, the average temperature gradient in the solder bump was
950 °C/cm under this condition for Sample C. 7 solder joints contained voids (Figs.
6.12(a)-(g)), while the other 20 solder joints were not damaged by TM as seen in Fig.
6.12(h). Voiding occurred in UBM and IMC, similar to Sample B.

TM voiding processes were found to be different from EM voiding. EM voids in
thin Ni UBM were usually initiated at a current crowding region followed by propagation
through the IMC/solder interface as discussed in Chapters 3 and 5. In contrast, the
dependence of initial TM voiding location on the heat flux crowding region was not
strong. Also, TM voids were observed in UBM and IMC instead of at the IMC/solder
interface. This could be related to the different direction in which Sn atoms migrate under
EM or TM. Under current stressing, Sn atoms migrate along with electron wind as the
effective charge number, Z', for Sn is negative. This can cause voiding at the IMC/solder
interface. Under TM, however, it was reported that Sn migrated toward the hot end (Q* <
0) in Sn-3.5Ag solder joints [6.14]. Thus voiding at the IMC/solder interface is not

expected. Instead, voiding occurs in UBM and IMC as Ni atoms migrate to the cold end.

194



(a) (b)

15.0kW 11.9mm x1.80k YAGBSE 15.0kV 11.9mm x1.50k YAGBSE

15.0kV 11.9mm x1.80k YAGBSE 50.0um

Figure 6.11: Solder joints with Ni UBM under current stressing of 0.8 A in Sample C. (a)
4th, (b) 5th, (c) 8th, and (d) 9th solder joint.

195



Figure 6.12: Solder joints with Ni UBM in Sample C after 69 days of TM stressing. (a)-
(g) show 7 solder joints with voids. The other 20 solder joints without
current stressing had no voids as shown in (h).
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Solder joints with Cu UBM in Sample D are shown in Fig. 6.13. Figures 6.13(a)-
(d) display 4 solder joints which were subject to a current stressing of 0.8 A for 12 days.
The applied current was interrupted when AR reached ~50 m€ to examine the
intermediate stage of damage evolution. The average temperature gradient in the solder
bump was obtained to be 700 °C/cm under current stressing by using FEM. The
morphology changes indicate that the effect of TM was not significant. When electrons
flowed to the die side, IMCs were accumulated on the die side as seen in Fig. 6.13(c). In
solder joints in which electrons passed toward the substrate side (Figs. 6.13(b) and (d)),
voids were found at the Cu¢Sns/solder interface while CuecSns grew on both die and
substrate sides. These phenomena are similar to those in typical EM tests without a large
temperature gradient as discussed in Chapter 3. Also in all the other solder joints without
current stressing, morphology changes were minimal without significant TM damage, as
shown in Fig. 6.13(e).

In contrast, noticeable morphology changes were observed in some of the solder
joints in Sample E. All the solder joints in Sample E were subject to TM stressing only.
As listed in Table 6.2, the average temperature gradient in the solder bump was
810 °C/cm. Also, the solder temperature was about 10°C higher than Sample D. Among
31 solder joints in the first row, the morphology of 27 joints did not change significantly
as shown in Fig. 6.14(e). In the other 4 solder joints displayed in Figs. 6.14(a)-(d),
irregular UBM dissolution and IMC formation was observed. It is clear that Cu migrated
from the hot end (die side) to the cold end (substrate side). Chen et al. also observed TM
of Cu toward the cold end in Sn-3.5Ag solders, where voids were found between the 5
pm-Cu UBM and IMC [6.13]. In this study, however, TM-induced voids were not found
in solder joints with thick Cu UBM. This could be ascribed to the sufficient amount of Cu

in thick UBM as well as the reverse flow of Sn against the temperature gradient. The
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irregular morphology of UBM dissolution and IMC formation can be associated with the
grain orientation of Sn. Metallic Sn (f#-Sn) is highly anisotropic because it has a body

centered tetragonal (BCT) structure. For interstitial fast diffusers such as Au, Ag, Cu, and

Ni, the diffusivity in the direction parallel to the c-axis, D, has shown to be much faster
than that perpendicular to the c-axis, D, [6.15-6.17]. For example, D, is about 43

times higher than D, ., , and D, is about 3.0 x 10* times higher than D, at

150°C. Therefore, if a grain of Sn matrix adjacent to UBM is oriented in a way that the c-
axis is aligned parallel to the solder height direction, the UBM component can be
dissolved into the solder very fast. This could account for the nonuniform UBM
dissolution and the different dissolution rate between solder joints. Recently, Lu et al.
also reported that when the c-axis was aligned parallel to the electric current direction,
Ni/Cu UBM was dissolved quickly into the Sn-based solder leading to early failure
[6.18].

To investigate the different effects of TM on Sample D and E, recall the following

flux equation for TM:

D Q" dl  CD,Q" dT 0
I o —_C e SN 6.3
™ kT T dx kT dx P\ kT (6-3)

where J is the atomic flux, C the atomic concentration per volume, D the diffusivity, D,
the pre-factor, k the Boltzmann constant, T the absolute temperature, Q° the heat of
transport, and Q the activation energy for diffusion. Taking 7" = Tygeri0p in Table 6.2 and
0 = 1.0 eV, the ratio of Jry in Sample E to Sample D was found to be ~2.1. Thus,
Sample D would require 48 more days of TM stressing to have equivalent damage to that

in Sample E.
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Figure 6.13: Solder joints with Cu UBM (a)-(d) under current stressing of 0.8 A for 12
days, and (e) under TM stressing for 48 days, in Sample D. (a) 4th, (b) 5th,
(c) 8th, and (d) 9th solder joint.
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Figure 6.14: Solder joints with Cu UBM in Sample E after TM stressing of 48 days. (a)-
(d) show 4 solder joints with UBM dissolution. The other 27 solder joints

had no noticeable UBM dissolution as shown in (e).

200



Because solder joints under current stressing in Sample B, C, and D also
experienced a temperature gradient, the effects of EM and TM should coexist. It is
important to estimate the relative contribution of TM to the solder joint failure. With the
lifetime data for Sample B, C, and D, the cumulative distribution of failure (CDF) or
probability of failure can be estimated. The CDF values would be very small if the effect
of TM is significant. First, the median-time-to-failure (MTTF or s0) at the test condition

of each sample is deduced. From the Black’s equation,
t i

02 _ (LJ exp{g(i - iﬂ , (6.4)
Lso J2 K\T, T,

where A4 is a constant, j is the current density, n is the current density exponent, Q is the

activation energy, k is the Boltzmann constant, and 7 is the absolute temperature. The
subscripts 1 and 2 denote a reference and a different test condition, respectively. Second,

the Z-value for the standard log-normal distribution is obtained as

7 log TTF —logts,,

O

: (6.5)

where TTF is the time-to-failure of a sample, and o is the standard deviation of the
logarithm of TTFs. Accordingly, CDF values are calculated from the Z-value based on
the normal distribution statistics.

The TTFs of Sample B, C, and D are 2714 h, 120 h, and 300 h, respectively,
based on the first resistance criterion. The TTF of Sample D was estimated from the
resistance trace because the applied current was stopped before it failed. The temperature
at the top of solder bump was taken as the test temperature. The experimental data
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discussed in Chapters 3 and 5 were used as reference test conditions (7" and j) and data
(tso and o). Also, the activation energies and current density exponents for Cu and Ni
UBM obtained in Chapter 3 were utilized. Accordingly, the CDF values obtained for
Sample B, C, and D were 59%, 34%, and 45%. All of them were relatively close to 50%
of CDF. This indicates that the effect of TM did not have a significant effect on the EM
lifetime even under the very large temperature gradient.

In general, the relative atomic flux by EM and TM can be compared by utilizing

the following flux relation:

J oy _Zep 0
/CDO R exp(—ﬁj, (6.6)
I _Qldr| (O

YD, 0= 774 e"p[ ij' (D

In this study, j = 4 x 10* A/em? and dT/dx ~ 10°K/em. For solder joints, it is also
reasonable to take Z' ~ 10, p ~ 107 Qm, and Q* ~ 0.25 eV. Figure 6.15 plots Egs. (6.6)
and (6.7), and Frm/Fem (=Jrm/Jem) as a function of temperature using the above
parameters. The EM flux was always predominant over the TM flux even with the very
large temperature gradient. The relative effect of TM increased with decreasing
temperature. Still, the ratio was less than a quarter at 0°C. Since typical current density
and temperature gradient for solder joints in a field condition are < 10* A/cm?” and < 300
K/cm [6.19], the relative ratio shown in Fig. 6.15 will still hold at the field condition

unless the above estimated parameters need to be corrected.
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Figure 6.15: Estimated atomic flux driven by EM and TM, and the ratio of corresponding
driving forces as a function of temperature for solder joints.

6.5 SUMMARY

Large temperature gradients were created in test modules in order to investigate
the TM reliability of Pb-free solder joints. FEM was utilized to estimate the temperature
gradient in solder joints with validation against the resistance measurement data. TM
damage was observed when the average temperature gradient was larger than 950°C/cm
and 810°C/cm in solder bumps with Ni UBM and Cu UBM, respectively, at a given
testing time. Voids were found in Ni UBM solders while UBM was dissolved by TM

without void formation in Cu UBM solders, although TM damage evolution was
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statistically scattered. This indicates that Ni and Cu atoms migrate toward the cold end,
i.e. 0" > 0. However, it was found that the rate of TM was several times slower compared

to EM, resulting in little impact on EM failure lifetime.
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Chapter 7: Conclusions and Future Work

7.1 CONCLUSIONS

Flip chip packages are mainly used for high-end devices such as CPUs, GPUs,
and high performance ASICs because of their advantages of high I/O density and
superior electrical performance. As recent trends in semiconductor devices and packages
are toward multi-functionality, smaller form factor as well as higher performance, the
application of flip chip technology has gained momentum. Flip chip solder bumping
processes can also be applied in novel packaging concepts including SiP and 3D
integration. Therefore, long-term reliability assessment for solder joints such as EM and
TM is crucial to ensure the devices to function properly for a desired lifetime. In addition,
the recent implementation of Pb-free solders added more reliability concerns due to the
insufficient knowledge base.

This study aimed to investigate EM and TM reliability of Pb-free solder joints in
flip-chip or advanced packaging applications. Thick Cu UBM and thin Ni UBM
structures were adapted in the test vehicle. First, a series of EM tests were performed to
obtain essential EM parameters, including activation energy (Q) and current density
exponent (n), which are associated with a lifetime prediction model. A failure criterion,
named first resistance jump criterion, was newly introduced based on resistance traces
and damage evolution, which was found to be more reasonable than an open-failure
criterion. Since the direct measurement of solder joint temperature was not possible, FEM
was utilized to simulate the temperature of solder joints under current stressing. After the
Joule heating effect was taken into account, EM activation energies and current density

exponents were determined. For solder joints with Cu UBM, O = 1.0 eV and n = 1.5; for
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Ni UBM solders, Q = 0.9 and n = 2.2. Failure analysis of solder joints at different stages
of EM voiding revealed that in solder joints with Cu UBM, voids initiated at the
Cue¢Sns/solder interface but the voiding location at the later stage moved near the
Cu3Sn/CugSns interface as IMCs and voids continued to grow. In solder joints with Ni
UBM, initial EM voiding was observed at the current crowding location at the
NisSns/solder interface, followed by void propagation along this interface. Important
factors in controlling EM reliability of Pb-free solder joints were found to be UBM
dissolution with extensive IMC growth for thick Cu UBM solders, and current crowding
for thin Ni UBM solders.

IMC growth in Pb-free solder joints with and without current stressing was
discussed. The growth rate was found to follow the parabolic growth law when current
stressing was not present. Under high current stressing, the linear growth law was
observed for the growth of CusSns and NizSns. For Cu UBM solders, the apparent
activation energy for the IMC growth was in good agreement with the aforementioned
activation energy of EM. This supports that the EM voiding mechanism for Cu UBM
solders was closely related to the IMC growth driven by interdiffusion. In contrast, the
apparent activation energy for the growth of NizSny was higher than the EM activation
energy for Ni UBM solders. It was suggested that the EM failure in the Ni UBM solders
could be associated with more than one mass transport mechanism in addition to the
interdiffusion of Ni and Sn. It was also demonstrated by using FEM that EM-enhanced
IMC growth led to a large hydrostatic tension in IMC layers due to the volumetric
shrinkage accompanied by IMC formation. This condition could accelerate the void
growth once voids were initiated by EM in that region.

The effect of current crowding on EM reliability of thin Ni UBM solder joints

was studied by conducting EM tests on different Ni UBM thicknesses. The current
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density distribution was obtained by FEM to supplement the experimental results. The
EM lifetime was quantitatively correlated with the maximum current density occurring at
the top of solder bump, jmax, solder- Accordingly, jmax, solder Was suggested to be used for the
current density term in Black’s equation. The current density exponent determined in this
manner was 1.9. Effects of metal trace design on the current crowding were also
examined by FEM, showing that the metal trace design is an important consideration to
control the current crowding effect. Wide and thick traces made of Cu might be the best
choice in the absence of major modifications of the current geometry and process.
Placing a small hole in front of the entrance to passivation opening could be an additional
option to further lower jmax, solder, provided that a local hot spot in the vicinity of the hole
did not significantly increase the solder temperature. FEM results of solder joint scaling
showed that j,.« did not increase as much as j,v, when solder joints were scaled down. In
other words, the current crowding became less prominent while j,,, was increased. It was
also found that down-scaling of the diameter of UBM did not have a significant effect on
the current crowding. Instead, current crowding was mainly controlled by the cross-
sectional area of the metal trace and the diameter of the passivation opening.

During EM tests significant Joule heating can be generated from the metal trace
on the die side, which results in temperature gradient in solder joints. If the temperature
gradient is large enough to cause substantial TM, the EM reliability data may not be
reliable. To examine TM issues in Pb-free solder joints as well as to define relative
significance of TM over EM, large temperature gradients were induced in test modules.
FEM was performed to estimate the temperature gradient in solder joints. In solder
bumps with Ni UBM, TM-induced voids damage was observed in UBM and IMC layers
when the average temperature gradient was larger than 950°C. In Cu UBM solders, UBM

dissolution and IMC formation were induced by TM with the average temperature
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gradient in a bump above 810°C/cm. Voiding by TM was not observed in Cu UBM

solders. It was found that in solder joints, the atomic flux by TM was still several times

slower compared to EM. This resulted in little impact of TM on EM failure lifetime even

under a temperature gradient in solder bumps of the order of 10°°C/cm.

7.2 SUGGESTIONS FOR FUTURE WORK

Although this study tackled various issues associated with EM and TM reliability

of Pb-free solder joints, there are still numerous interesting problems to be addressed,

which include but not limited to:

Revisiting Black’s equation: Although Black’s equation was proposed decades
ago for EM failure of thin metal lines [7.1], it has been adopted for solder EM
failure as well because of its simplicity and flexibility. However, because solder
joints are much more complex material system than interconnect metal lines,
more comprehensive research needs to be performed for in-depth understanding
of void nucleation and growth kinetics. In particular, the physical meaning of the
current density exponent in solder EM has not been fully clarified.

Interdiffusion model with current stressing: A multi-phase diffusion model was
recently developed by Chao to simulate EM-enhanced IMC growth [7.2]. This
model is based on a vacancy diffusion mechanism in all phases. Since Cu and Ni
are fast diffusers in solder by an interstitial mechanism, appropriate modification
of this model will be invaluable.

IMC growth and failure mechanism at low current density: The kinetic model
for EM-enhanced IMC growth showed that IMC growth kinetics will follow ¢
(0.5 < n < 1) dependence if a current density is low [7.2]. Therefore, damage

evolution and failure mechanism need to be examined at this condition to find
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out if they are different from those at high current density. Accelerated testing
can lead to a wrong reliability prediction if the failure mechanism at an
accelerated test condition is different from that at a field condition. A daisy-
chain structure can be employed to reduce the testing time.

Thermomechanical reliability: Extensive IMC growth causes solder bumps to be
stiffer and more brittle. This could affect the thermomechanical reliability of the
solder joints or package. For example, it can intensify chip-package interaction
(CPI) when a significant thermal load is present.

Systematic study on TM reliability: Although the contribution of TM to solder
joint failure may not be as significant as EM, it will be interesting to study TM
reliability systematically as has been conducted for EM reliability. Temperature
gradient over 10° °C/cm should be necessary to observe failure by TM in a
reasonable time frame. A constant temperature control on the die top and the
substrate bottom is important. A thermoelectric cooler (TEC) can be employed
to accomplish this goal. Not many package samples are necessary to collect
lifetime statistics because all the bumps in a package can be used in a test as far
as the resistance of each bump can be monitored.

Effect of Sn grain size and orientation on EM reliability: An IBM group reported
two failure mechanisms of bulk Pb-free solder joints under current stressing,
which depended on the orientation of Sn grains [7.3]. However, a similar study
on flip-chip solder joints has not been reported yet. Correlation of EM damage
evolution and lifetime with Sn grain size and orientation will be an interesting
research topic, which can be studied by utilizing electron backscattered

diffraction (EBSD).
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Appendix A: Thermal-Electric Analysis Using Finite Element Method

Joule heating analysis in this study was performed using finite element software
ANSYS. The basic information on the finite element method (FEM) used for coupled

thermal-electric analyses is introduced based on ANSYS help manuals.

A.1 INTRODUCTION

Heating occurs in a resistive conductor carrying an electric current. Joule heating
is proportional to the square of the current, and is independent of the current direction.
Joule heating is also present and accounted for at the contact interface between bodies in

inverse proportion to the contact electric conductance properties.

A.2 GOVERNING EQUATIONS

The electric field in a conducting material is governed by Maxwell’s equation of

conservation of charge. Assuming steady-state direct current, the equation reduces to

Lj idS = jV rdv, (A1)

where V' is any control volume whose surface is S, 7 is the outward normal to S, J s
the electrical current density, and 7. is the internal volumetric current source per unit
volume.

The flow of electrical current is described by Ohm’s law:
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=, (A.2)

where E(x) is the electrical field intensity, defined as the negative of the gradient of the
electrical potential E= —0p/ox , @ is the electrical potential, &°(@,f”) is the

electrical conductivity matrix, € is the temperature, and f“(a=1,2,---) are

predefined field variables. Ohm’s law assumes that the electrical conductivity is
independent of the electrical field. The coupled thermal-electric problem is nonlinear
when the electrical conductivity depends on temperature.

Using Ohm’s law in the conservation equation, written in variational form,

provides the governing equation of the finite element model:

009 _.p O0p .
J‘VE.O- .ng_IS§¢JdS+IV§¢erV (A.3)

where J=—J-ii isthe current density entering the control volume across S.
Joule’s law describes the rate of electrical energy, P.. dissipated by current

flowing through a conductor as

gczj-Eza—g”-gE-‘a—(”. (A.4)
ox ox

The amount of this energy released as internal heat within the body is #,P,., where 7, is
an energy conversion factor (default = 1.0).

The matrix equation is given as
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{[Ct] [0] }{{f}}+{[Kt] [0] H{T}}: {{Q}}’ A5)
1 el ik k)

where [C'] is the thermal specific heat matrix, [C"] the dielectric permittivity
coefficient matrix, [K'] the thermal conductivity matrix ([K']=[K"]+[K“]), [K"]
the thermal conductivity matrix of material, [K"] the thermal conductivity matrix of
convection surface, [K"] the electrical conductivity coefficient matrix, [K"] the
Seebeck coefficient coupling matrix, {Q} ={0"}+{0}+{0*}+{0’}+{0"}, {O""}
the applied nodal heat flow rate vector, {Q°} the convection surface vector, {Q¢} the
heat generation rate vector for causes other than Joule heating, {Q’} the heat generation
rate vector for Joule heating, {Q”} the Peltier heat flux vector, {/}={/""} the applied
nodal charge vector, {T'} the thermal potential (temperature) vector, {/'} the electrical

potential vector, and - denotes the time derivative. [C*], [K"], and {Q”} are only for

PLANE223, SOLID226, and SOLID227 elements.

A.3 ELEMENT DESCRIPTION

The SOLID69 element in ANSYS was used in this study. SOLID69 has a 3-D
thermal and electrical conduction capability. Joule heat generated by the current flow is
also included in the heat balance. The element has eight nodes with two degrees of
freedom, temperature and voltage, at each node. The thermal-electric solid element is
applicable to a 3-D, steady-state or transient thermal analysis, although no transient
electrical capacitance or inductance effects are included in the element. The element
requires an iterative solution to include the Joule heating effect in the thermal solution.

For Joule heating effects, both electrical resistivity (RSVX, RSVY, RSVZ) and

thermal conductivity (KXX, KYY, KZZ) must be defined. Mass density (DENS),
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specific heat (C), and enthalpy (ENTH) may be defined to take into account thermal

transient effects.

A.4 BOUNDARY CONDITIONS AND LOAD

Since the Si backside (die top) temperature and substrate bottom temperature
were maintained constant during the EM tests, constant temperatures were assigned at
those surfaces based on thermocouple readings. For other surfaces of the sample
convection boundary conditions were applied with an input of the oven temperature.

An applied current was assigned to one of the terminals of the sample, while the

other terminal was grounded, i.e. 0 V was applied.
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ACA
ASIC
BEOL
BGA
C4
CDF
CMOS
CPU
DMM
EBSD
ECA
EDS (or EDX)
EM
FEM (or FEA)
GPIB
GPU
IC
ICA
IMC
1/0
ITRS
MPU
MTTF

Glossary

Anisotropic Conductive Adhesive
Application-Specific Integrated Circuit
Back-End-Of-the-Line

Ball Grid Array

Controlled Collapse Chip Connection
Cumulative Distribution Function
Complementary Metal-Oxide-Semiconductor
Central Processing Unit

Digital MultiMeter

Electron BackScattered Diffraction
Electrically Conductive Adhesive

Energy Dispersive X-ray Spectroscopy
Electromigration

Finite Element Method (or Analysis)
General Purpose Interface Bus (IEEE 488)
Graphics Processing Unit

Integrated Circuit

Isotropic Conductive Adhesive
InterMetallic Compound

Input/Output

International Technology Roadmap for Semiconductors
MicroProcessor Unit

Median Time To Fail (#59)
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PDF
RoHS
SEM
TAB
TCR
™
TSM
TTF
UBM
WEEE

Probability Density Function
Restriction of Hazardous Substances
Scanning Electron Microscopy

Tape Automated Bonding

Temperature Coefficient of Resistance
Thermomigration

Top Side Metallurgy (Metallization)
Time To Fail

Under Bump Metallurgy (Metallization)

Waste Electrical and Electronic Equipment
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