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In the semiconductor industry, thermo-mechanical reliability has been a
critical issue for both packaging and wafer level structures. Thermal deformations and
thermal stresses are directly related to the packaging and wafer level reliabilities. This
study addressed the above issues and contained three major objectives.
The first objective was to study thermal deformations of electronic packages,
mainly by use of an experimental technique, high resolution moiré interferometry.
vi

Different types of packages including a 3M CueBGA package, a Philips on board
flip-chip package and a Motorola experimental flip-chip package without board were
investigated. Moiré results showed that thermal deformations of these packages were
quite different from each other, leading to very different reliability problems in these
packages.
The second objective was to study thermal stresses of wafer level Cu
interconnect structures by semi-analytical approach and finite element analysis. In
this study, a semi-analytical solution for predicting Cu line stresses was developed
and verified with finite element analysis and x-ray measurement. Finite element
analysis was employed to study the barrier thickness effect on Cu line stress. A
simulation approach based on element birth and death technique was developed to
simulate the whole wafer processing procedure in order to study the residual stress
induced from wafer processing. Simulation results showed that large residual stress
can be induced from wafer processing, which can significantly affect the wafer level
structure’s reliability.
The third objective focused on the chip-packaging interaction that has become
a critical issue for packaging of Cu/low k chips. With the traditional TEOS interlevel
dielectric being replaced by much weaker low k dielectrics, packaging induced
interfacial delamination in low k interconnects has been widely observed, raising
serious reliability concerns for Cu/low k chips. This study involved thermomechanics analysis for both packaging and wafer level structures and was carried out
vii

using experimental measurements and finite element analysis. A simulation approach
based on multilevel sub-modeling technique in combination with high resolution
moiré interferometry was employed to study this packaging effect. Packaging induced
crack driving forces for relevant interfaces in Cu/low k structures were deduced and
compared with corresponding interfaces in Cu/TEOS and Al/TEOS structures in
order to assess the effect of ILD on packaging reliability. Results indicated that
packaging assembly can significantly impact wafer-level reliability causing interfacial
delamination to become a serious reliability concern for Cu/low k structures.
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1 Introduction
1.1

Overview
In the semiconductor industry, the technology has been and will be driven by

increasing chip size, interconnect density and power, which requires continuous
scaling-down of features for both wafer and packaging level structures. With many
newly emerging materials and processing techniques employed to build the wafer
level interconnect structure and the packaging level structure, these structures have
been becoming more and more structurally complicated. Correspondingly, many
reliability issues have been continuing to emerge with the evolutions of integrated
circuits and electronic packaging.
1.1.1

Reliability Issues in Packaging
Electronic packaging serves as an important link between the silicon and the

electronic system. It has been developed in parallel with the semiconductors to
provide the functional capabilities required to utilize the density and performance
built into the integrated circuits. The electronic package has three major functions.
The first one is to provide electrical connections between the chip I/Os and the
package terminals. The second one is to dissipate heat generated by circuits from the
chip to the ambient. The third one is to serve as a mechanical support and protection

1

for the chip [1.1]. Regarding to these three major functions, many packaging
reliability issues have arisen.
With the power requirement of the chip increasing dramatically, heat
generated by a chip can be over 100 watts. The working temperature of the chip can
be up to 100oC or so. In addition to the heat generated by the chip itself, hostile
environments such as an automobile can also bring severe temperature and vibration
to the chip [1.2]. As a result, the electronic package can undergo very large thermal
deformations leading to many thermo-mechanical problems inside the package.
Typical thermo-mechanical reliability problems for electronic packages are reviewed
briefly below.
A. Solder joint reliability
Solder joint reliability is an important issue particularly for fine-pitch areaarray assemblies, including rigid and flex-based BGAs and flip-chip directly attached
to PWBs. Since the early days of IBM's controlled collapse chip connection, (C4)
[1.3], solder joint reliability due to thermal fatigue in solder array assemblies has been
a critical factor because of the CTE mismatch between the silicon die and the carrier.
The following general formula approximates the maximum possible shear strain in
the flip-chip-on-board construction [1.4]:

Shearstrain, γ = ∆T (CTE Die − CTE board )

DNP
(1.1)
H
2

where,
CTEi = coefficient of thermal expansion for the die or board
∆T = temperature range of the stress cycle
DNP = distance from the neutral point of the solder joints
H = die-to-board standoff height
In reality, the chip size has become larger and larger (increasing DNP in
equation (1.1)) and the solder joint size has become smaller and smaller (decreasing
H in Equation (1.1)) with fine-pitch assembly. The maximum shear strain of the
solder joints keeps increasing making the solder joint fatigue reliability a severe
concern for the packaging industry.
In addition to the thermal cycling induced fatigue problem for solder joints,
mechanical vibration and shock can also introduce mechanical reliability problems of
solder joints in the mobile electronic packages [1.1]. This has become a major
reliability issue for the communication industry.
B. Interfacial delamination problems inside electronic packages

Since electronic packages contain many dissimilar materials and involve
complicated assembly thermal process procedures, interfacial delamination has
become a common problem for package interfaces with dissimilar materials. The
problem arises because of the mismatch of the coefficient of thermal expansion
(CTE) between dissimilar materials at the two sides of the interface. During thermal
process or in operation, large thermal stress can be induced at the interface region.
3

Typical interfacial delaminations occur along the die/die attach, die/molding
compound, die/underfill, underfill/substrate and solder pad/substrate interfaces during
assembly processing or thermal cycling. Such interfacial delaminations degrade the
integrity of the package and finally will cause the package to fail.
C. Cracking in bulk materials inside electronic packages

The bulk material cracking in electronic packages is commonly observed in
the die, molding compound materials, high density wiring layers on the substrate and
underfill materials. Similar to the interfacial delamination, the bulk material cracking
in electronic packages is caused by thermal stress induced by thermal mismatch
between dissimilar packaging materials under thermal loading.
Die cracking is critical because it can damage the wafer structure on the active
side of the die directly. Silicon is a rigid material with almost no plasticity. Die
cracking can be induced by tensile or compressive stress inside the die. Molding
compound cracking may not directly cause a package to fail. However, it provides a
preferential path for moisture penetration to the die [1.1]. Furthermore, cracking in
molding compound also decreases the overall mechanical strength of the package.
Cracking in Cu traces in the high density wiring layer on the substrate is usually
initiated from an interfacial delamination along some interfaces close to the Cu traces.
The interfacial crack propagation can change its direction and penetrate into the Cu
traces causing the wiring layer to fail. Similarly, underfill cracking usually starts from
interfacial delamination along underfill/solder bump or underfill/die interfaces.
4

D. Moisture induced reliability problems

The most famous problem in plastic surface mount devices induced by
moisture is the pop corn failure. The molding compound used in packaging can
absorb moisture. During package assembly process, the package is exposed to a
temperature higher than the moisture vaporization temperature. Then the water
absorbed in the molding compound will vaporize causing cracking inside the molding
compound or delamination along molding compound interfaces [1.1].
Moisture also decreases the adhesion strength of interfaces inside the package.
Although the crack driving force for an interfacial delamination can be less than the
interface adhesion strength, the interface may be able to undergo sub-critical crack
growth with the interface degradation induced by moisture effect.
Almost all of the reliability issues reviewed above are directly related to
thermal deformation of electronic packages. It is important to have a good
understanding of the materials, processing and structures and their interplay in
controlling not only the electric but also the thermal and mechanical performance of
the package. In order to improve the thermo-mechanical reliability of an electronic
package, understanding its thermal deformation should be the first and the most
important step for optimization of packaging design and assembly process.

5

1.1.2

Reliability Concerns in Cu/Low k Interconnects

At this time, the semiconductor industry is shifting traditional Al/oxide to
Cu/low k for wafer level interconnects in order to decrease the RC delay in integrated
circuit (IC) system. Two major reasons for selecting Cu as a conductor for wafer level
interconnects are its low electrical resistivity and high electromigration and stress
migration resistance [1.5-1.7]. The first chips incorporating Cu interconnect
technology were shipped by IBM in the third quarter of 1998 [1.8]. Figure 1.1 shows
the SEM view of the initial chip illustrating the complexity of the wiring pattern.

Figure 1.1 SEM view of copper interconnect (photo courtesy of IBM Corporation)
6

In addition to replacing Al by Cu as interconnect metallization, SiO2 is being
replaced by low k materials as the interlevel dielectric (ILD) material in the last two
years in order to further decrease the RC delay. Compared with SiO2, most low k
materials have much weaker mechanical strength and relatively large coefficient of
thermal expansion (CTE). The semiconductor industry has experienced significant
difficulties in integrating Cu/low k structures and packaging Cu/low k chips.
Although electrical performance of Cu/low k interconnects will increase
considerably, thermo-mechanical reliability of Cu/low k structures has become a
serious concern for the semiconductor industry. Some major thermo-mechanical
reliability issues will be reviewed briefly below.
A. Electromigration of Cu lines

Electromigration (EM) has been recognized as an important reliability issue
for wafer level interconnects for a long time. When a Cu line carries a high density of
electrical current, the conducting electrons will push Cu atoms in the direction of
electron flow. This can give rise to void formation at the cathode end and hillock
formation at the anode end of the Cu line. Void formation at the cathode end can lead
to circuit open and hillock formation at the anode end can short nearby Cu lines [1.9].
For confined Cu interconnects, EM induced mass transport generates a backflow stress gradient (∆σ/L) along the opposite direction of the electron flow. The
drift velocity of Cu ion is the sum of velocities induced from EM and back flow stress
gradient as shown in Equation (1.2) [1.10].
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-vd = vEM + vBF = µ (Z*eρj - ∆Ωσ /L)

(1.2)

where µ (=D/kT) is the mobility of Cu ion and Ω is the atomic volume. The maximum
back flow stress gradient depends on the materials and geometry of the interconnect
structure.
With the Cu line dimension continues to scale down, the current density inside
the Cu lines keeps increasing making electromigration a serious reliability concern
for Cu interconnects. With the implementation of low k materials into the structure,
this problem is exacerbated because low k materials have much weaker confinement
to Cu lines leading to a lower back flow stress gradient. And the low k interfaces have
much weaker adhesion strength that makes interfacial delamination at the anode end
more easily.
B. Stress induced voiding in Cu lines or vias

Since the wafer level interconnect structure contains many dissimilar
materials, thermal mismatches of these materials can generate large thermal stress in
Cu lines and vias either during wafer processing or when a themal load is applied to
the structure. The stress gradient in Cu lines and vias will drive vacancies to migrate
from a high tensile stress region to a low tensile stress region. Accumulation of
vacancies at a minimum tensile stress location will cause void formation and growth.
Stress induced voiding was first observed in 1984 [1.11].
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Stress induced voiding need two conditions. One is the driving force which is
the stress gradient. The other one is the vacancy source. In Cu interconnects, Cu lines
and vias usually have very large tensile stress at low temperature. Vacancies can
come from grain growth in Cu lines and vias if the interconnect structure is not
processed properly.
C. Interfacial delamination along low k interfaces

Traditional ILD material is SiO2 which is a mechanically strong material with
good adhesion with other materials in wafer level interconnect structures. Therefore
interfacial delamination is not a problem for SiO2 structures. However, with Al/SiO2
being replaced by Cu/low k, interfacial delamination has become a common problem
for interconnect structures. As mentioned before, compared with SiO2, the low k
dielectric is softer, expands more and adheres weakly to other materials. Large
thermal stress induced from thermal loading in the interconnect structure can easily
drive cracks to propagate along weak low k interfaces. Interfacial delamination can
also be due to insufficient cleaning and Cu barrier discontinuity.
The above three reliability issues are directly related to the thermal stress state
of the interconnect structure. Cu/low k structures are usually mechanically weak
making the integration of Cu/low k very difficult. Many thermo-mechanical
reliability problems have arisen during the development of Cu/low k structures and
are being investigated at this time. One key point is to understand the thermal stress
state of Cu/low k structures. Grain texture of Cu line and via is also a key point for
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understanding the Cu diffusion behavior under electromigration and stress migration.
The interface between Cu line and cap layer has been found to be a key interface in
controlling Cu diffusion.
1.1.3

Packaging Effect on Reliability for Cu/Low k Structures

Chip-packaging interaction is emerging to become a critical reliability issue
during package assembly of Cu chips incorporating with low k dielectrics. When the
standard ILD material, TEOS (Tetraethyl Orthosilicate), is replaced by a much
weaker low k material, packaging induced interfacial delamination in low k
interconnects has been widely observed, raising serious reliability concerns for
packaging of Cu/low k chips.
In a flip-chip package, large thermal stress can be generated at the
chip/underfill and chip/solder bump interface under thermal loading. Because the
active side of the chip is directly connected to solder bumps and underfill, the thermal
stress induced by the thermal mismatches between package level components can be
directly coupled into the wafer level interconnect structure at the chip surface
inducing large local deformation to drive interfacial crack formation in the wafer
level interconnect structure. For a stand-alone wafer structure, under a thermal
loading from wafer process temperature (400oC) to room temperature, an energy
release rate of less than 1 J/m2 has been reported for interfaces in Cu/ low k structures
[1.12]. This is about 5x less than typical fracture energies measured for low k
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interfaces by 4-point bend test. While this indicates that interfacial delamination is
not a critical issue for a stand-alone die, the problem is commonly observed in
Cu/low k interconnects after assembling the die into a plastic flip-chip package. This
raises an important question concerning the effect of packaging driving interfacial
delamination and its impact on the reliability of Cu/low k chips
Chip-packaging interaction was found not a problem usually for Cu/SiO2
interconnects. Unfortunately, it was found to be a major concern when SiO2 is
replaced by low k dielectrics. During the solder reflow process in flip-chip packaging,
the packaging impact on the reliability of the Cu/low k structure is most significant
since there is no underfill to support the solder bumps, very large thermal stresses can
be generated at the chip/solder bump interface.
1.2

Objectives and Approach

The first objective was to understand thermal deformations of different types
of electronic packages. In this study, three different types of packages were
investigated including 3M CueBGA packages, Philips on board flip-chip packages
and Motorola flip-chip packages without board. These packages had quite different
reliability issues resulted from different thermal deformations. Global thermal
deformations as well as local deformations within small critical features were
obtained for these packages under thermal loading, mainly by use of an experimental
technique developed in our laboratory, high resolution moiré interferometry.
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The second objective was to determine the thermal stress state for wafer level
Cu interconnect structures. This was achieved analytically using a semi-analytical
solution and numerically via finite element analysis. Both semi-analytical solution
and finite element modeling were verified with x-ray measurement for certain wafer
level interconnect structures. This approach was extended to study thermal stresses
for different interconnect structures with different dimensions and materials.
Additionally, a simulation approach based on an element birth and death technique
was developed to simulate the wafer processing procedure in order to study the
residual stress in Cu interconnect structures induced from wafer processing.
The third objective was to study the packaging effect on reliability of Cu/low
k interconnect structures. The packaging effect was examined by examining the
packaging induced crack driving force for interfacial delamination along low k
interfaces in wafer level Cu interconnect structures. A simulation approach based on a
multilevel sub-modeling technique in combination with high resolution moiré
interferometry was employed to study this effect. Finite element modeling was
verified with moiré measurement at packaging level and then starting from packaging
level model, sub-modeling was conducted step by step and finally reached wafer level
modeling. This approach built a bridge between studies of packaging and wafer level
structures, providing a methodology to investigate packaging impact on wafer level
structural reliability.
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1.3

Literature Survey
A. Packaging Reliability

Many research activities in the area of thermo-mechanical reliability of
electronic packages have been carried out in the past decades using both
experimentation and simulation techniques. One major reliability issue in electronic
packages is the solder joint reliability under thermal cycling. Combining verification
with actual thermal cycling test, simulation models have been set up to predict solder
joint lifetime under thermal cycling using finite element analysis. Darveaux’s strain
energy density method [1.13] is a popular technique for the packaging industry,
which is based on a viscoplastic material model of solders to calculate the solder joint
fatigue life. Syed considered solder plasticity failure based on accumulated plastic
strain or plastic strain range and creep rupture based on Monkmann-Grant equation
during one thermal cycle. The solder ball lifetime was predicted based on the
combination of these two mechanisms [1.14]. Shi et al. developed a frequencymodified Coffin-Manson relationship taking into account both plasticity and creep for
solder ball material [1.15]. Other solder joint lifetime prediction models were based
on various creep models of solder materials [1.16-1.18].
Interfacial delamination and cracking have also been put much attention in
electronic packaging. Die cracking is a common problem for flip-chip packages,
which has been investigated thoroughly using experimental testing and simulation
[1.19-1.24]. Since an electronic package has many interfaces with many dissimilar
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materials, interfacial delamination is also a common problem for electronic
packaging. Fracture mechanics concepts have been applied widely to study this issue
based on analytical solution, finite element analysis and experimental measurement
[1.25-1.27]. Interfacial delaminations within the printed circuit board such as
copper/resin [1.28] and along underfill/silicon interface in flip-chip packages [1.291.30] are of most interests. As a major research technique, computational fracture
mechanics has been employed extensively to study interfacial delaminations in
electronic packages [1.31-1.32].
Since all of the thermo-mechanical reliability issues of electronic packages are
related to thermal deformations, it is important to measure the actual thermal
deformations of electronic packages under thermal loading. Not many experimental
techniques are available to perform such measurements. One optical technique, moiré
interferometry, has been applied to measure the thermal deformations of electronic
packages in the past decade [1.33-1.37].
B. Cu interconnect reliability

Since thermal stresses in Cu lines are directly related to many thermomechanical reliability issues for Cu interconnects such as stress induced voiding,
stress relaxation and even electromigration, extensive studies have been carried out in
this area. Experimental techniques such as x-ray diffraction technique [1.38-1.40] and
bending beam measurement [1.41-1.43] have been used to measure the thermal
stresses in Cu films or Cu lines under thermal cycling. Another experimental
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technique to measure the thermal displacement of Cu interconnects is known as
DISMAP where the displacement is obtained by comparing two SEM images before
and after thermal or mechanical loading [1.44]. In addition to experimental
measurements, finite element analysis has been extensively applied to analyze
passivated metal interconnects [1.45-1.53]. The advantage of finite element analysis
is that it provides not only the volume-averaged stresses, but also the stress
distribution in the Cu lines as well as the stress distribution in other material layers
such as ILD and barrier layers, where thermal stresses are difficult to measure.
With low k materials being integrated into Cu interconnect structures,
interfacial delamination along low k interfaces has become an increasingly interesting
research topic. Basically there are two sub-topics in this area. One is to investigate the
interfacial adhesion strength of low k interfaces by experimental measurements [1.541.57]. The other one is to investigate the driving force for low k interfacial
delamination by experimental measurements and finite element analysis [1.58-1.59].
Currently, stress induced voiding [1.60] and stress relaxation are both
interesting research topics for Cu/low k interconnects. Sub-critical crack growth
along low k interfaces is another reliability issue particularly regarding the
temperature and moisture effects [1.61-1.62].
C. Chip-packaging interaction

Although chip-package interaction and its impact on low k interconnect
reliability have become a critical reliability issue since the semiconductor industry
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started to package low k chips, not much research result has been published indicating
this is a new issue under investigation. To evaluate the packaging effect on
interconnect structure reliability, researchers from Motorola introduced a two
dimensional multilevel sub-modeling technique to calculate the energy release rate
for interconnect interfaces during assembly of flip-chip packages [1.63]. The crack
driving force for wafer level interfacial delamination during die attach in flip-chip
packaging was reported. No fracture phase angle was reported due to the limitation of
the technique used in this study.
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2 Experimental Techniques
2.1

Moiré Interferometry

Moiré interferometry is a whole-field optical method with high resolution and
high sensitivity for measuring the in-plane displacement and strain fields. Recently,
this method has been used to measure the thermal-mechanical deformations of
electronic packages with the objective of studying electronic packaging reliability
[2.1-2.3]. A detailed introduction and discussion of this technique can be found in
Reference [2.4]. The principle of traditional moiré interferometry will be reviewed
first. Then, a phase-shift technique will be discussed in detail to increase the
sensitivity of the traditional moiré interferometry. The phase-shift moiré
interferometry (or high resolution moiré interferometry) is necessary to measure the
deformation within a small area in electronic packages such as a solder bump in a
flip-chip package. Finally, the experimental setup and experimental procedure will be
introduced.
2.1.1

Traditional Moiré Interferometry

Similar to geometric moiré, moiré interferometry can be used to measure inplane displacement fields, but with much higher spatial resolution and sensitivity.
The optical schematic of a moiré interferometer is shown in Figure 2.1. In some
cases, moiré interferometry can be understood using the concept of geometric moiré,
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based on spatial virtual grating. However, this understanding does not reveal the
essential physics of moiré interferometry. A more rigorous explanation for moiré
interferometry based on the theory of wave front interference was proposed by D.
Post.

Reference Grating (beam splitter)
V mirror

U mirror

Lens
Camera
y

U mirror
Grating

V mirror

x

Specimen

P

Figure 2.1 The optical schematic of a moiré interferometer

As shown in Figure 2.2, when two coherent beams (marked as A and B) are
incident onto the specimen grating surface with symmetrical angles α (α=arcsin(λfs),

λ is the wave length of the light, fs is the frequency of specimen grating), the lights
from beam A and B, diffracted in the first and -1 orders of the specimen grating
respectively, emerge normal to the specimen surface. If the specimen grating doesn’t
deform, both beam A’ and B’ are plane light waves.
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A' = a exp(iφ a )
B ' = a exp(iφ b )

(2.1)

where φa and φa are constants, a is the amplitude of the light wave.

3

x

2 Diffraction order
1
0

A

z

-1

α
A”

fs

A’

B’

λNx
B”

α
1

Camera

0
-1

B

-3 -2
Specimen grating
Figure 2.2 Wave front theory of moiré interferometry

If the specimen grating deforms with the deformed specimen, the two plane
light waves A’ and B’ become warped wave fronts related to the in plane
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displacement of the specimen. The phase angle for the wave fronts will also change.
These two warped wave fronts can be expressed as

A" = a exp[i (φ a + ϕ a ( x, y )]
B" = a exp[i (φ b + ϕ b ( x, y )]

(2.2)

where ϕa(x,y) and ϕa(x,y) are the phase angle changes of the warped wave fronts,
which have a relationship with the displacement (u) along x direction in the specimen
surface and the displacement (w) along z direction as shown below.

2π

[ w(1 + cos α ) − u sin α ]
λ
2π
ϕ b ( x, y ) =
[ w(1 + cos α ) + u sin α ]
λ

ϕ a ( x, y ) =

(2.3)

The warped beams propagate toward the camera with changed phase angles.
An interference pattern is produced at the record plane in the camera. The light
intensity distribution recorded by the camera can be expressed as

I = ( A"+ B" )( A"+ B" )* = 2a 2 {1 + cos[φ 0 + δ ( x, y )]} (2.4)
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where φ0 =φa-φa are constants and δ ( x, y ) = ϕ a ( x, y ) − ϕ b ( x, y ) =

4π

λ

u sin α . Here

one can see that the effect of the displacement along z direction (w) has been
canceled.
The relative change of light distance can be expressed by use of the number of
wave length as shown in Equation 2.5 with the relationship between the relative
change of light distance and phase angle.

∆( x, y ) = nλ =

λ
δ ( x, y ) (2.5)
2π

Then the displacement along the x direction (u) can be obtained by

u=

Nx
fs

(2.6)

where Nx is the fringe order of the u field moiré fringe pattern.
Similarly, the displacement along the y direction (v) can be obtained by using
two symmetrical incidents coherent beams relative to the y direction.

v=

Ny
fs

(2.7)
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where Ny is the fringe order of the v field moiré fringe pattern.
So far, the relationship between the in plane displacements and the moiré
fringe orders has been obtained. From the displacement distributions the strain
distributions can be obtained as shown in Equation 2.8.

1 ∂N x
1
∂u
=
≈
2f
∂x 2 f ∂x
1 ∂N y
1
∂v
εy =
≈
=
2f
∂y 2 f ∂y

εx =

∆N x
∆x
∆N y
∆y

(2.8)

1 ∂u ∂v
1 ∆N x ∆N y
+ )≈
+
(
)
∆x
2 ∂y ∂x
4 f ∆y

ε xy = (

where fs is the frequency of the specimen grating, Nx and Ny are fringe orders of the u
and v field moiré fringe patterns, respectively.
2.1.2

High Resolution Moiré Interferometry

For the traditional moiré interferometry discussed above, only the
displacement information on the fringe centers can be roughly obtained from the
moiré fringe patterns. A sensitivity of 417nm per fringe contour can be reached with a
specimen grating with a frequency of 1200 lines/mm. This sensitivity is good enough
to measure the overall thermo-mechanical deformation of electronic packages.
However, this sensitivity is not sufficient to look at the deformation within very small
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features such as solder bumps in flip-chip packages. Hence the sensitivity and
resolution of the traditional moiré interferometry need further improvement. High
sensitivity moiré can be achieved by a phase-shifting technique. Early application of
phase-shifting interferometry can be found in References [2.5] and [2.6]. Phaseshifting technique was introduced into moiré interferometry several years ago [2.72.8].
The phase-shifting technique provides the capability for determining a
continuous displacement field by precisely shifting the phase angle of the two
coherent beams diffracted from the specimen grating. In the interferogram, one fringe
spacing corresponds to a phase angle difference of 2π, corresponding to a 417nm of
displacement. Between two interference fringes, the phase angle varies continuously,
which cannot be determined explicitly from the interference pattern. However, the
displacement between two fringe spacings can be determined by measuring the
change of the phase angle within the fringe spacing.
Phase-shifting moiré interferometry extracts the unknown phase angle from
four precisely phase-shifted moiré interference patterns.

The principle can be

explained by expressing the intensity of the four images as [2.7]:
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I1 (x, y) = I 0 (x, y) + I' (x, y)cos[φ ( x, y )]
I 2 (x, y) = I 0 (x, y) + I' (x, y)cos[φ ( x, y ) +

π

] = I 0 (x, y) − I' (x, y)sin[φ ( x, y )]
2
I 3 (x, y) = I 0 (x, y) + I' (x, y)cos[φ ( x, y ) + π ] = I 0 (x, y) − I' (x, y)cos[φ ( x, y )]
I 4 (x, y) = I 0 (x, y) + I' (x, y)cos[φ ( x, y ) +

(2.9)

3π
] = I 0 (x, y) + I' (x, y)sin[φ ( x, y )]
2

where Io(x,y) and I’(x,y) are the background and periodically varying intensities in the
interference pattern and φ(x,y) is the unknown phase angle of the interference pattern
at each pixel location (x,y). Each subsequent pattern is obtained by consecutively
shifting a phase angle of exactly π/2, or 1/4 of the fringe period. The unknown phase
angle is then determined as

 I 4 ( x, y ) − I 2 ( x, y ) 

 I1 ( x, y ) − I 3 ( x, y ) 

φ ( x , y ) = arctan 

(2.10)

Once the phase angle distribution between two interference fringes is
obtained, the displacement distribution between these two interference fringes can be
obtained as shown Equation 2.11.

u ( x, y ) =

1 φ u ( x, y )
2 fs
2π

1 φ v ( x, y )
v( x, y ) =
2 f s 2π

(2.11)
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From the discussion above, a continuous displacement map can be obtained
by the phase shifting moiré interferometry. Thus, the sensitivity of moiré
interferometry can be improved up to 26nm per fringe order. This sensitivity is
sufficient enough to study the local deformation within very small areas in electronic
packages.
2.1.3

Experimental Set up

The IBM Portable Engineering Moiré Interferometer (PEMI) is a compact
moiré interferometer that is designed for engineering measurements. The optical
system of the IBM PEMI is shown in Figure 2.3. The incoming laser beam from the
optical fiber, passing through the lens, is first reflected by the #1 mirror, the #2 mirror
and the double-faced mirror, then reaches the surface of the reference grating. The
reference grating, which functions as a beam splitter, splits the laser beam into four
beams. The four laser beams are reflected by two sets of perpendicular plane mirrors
(2 U mirrors and 2 V mirrors) onto the surface of the sample grating. A moiré image
is formed by the interaction of the virtual grating created by the reference grating with
the deformed specimen grating.
After formation, the moiré image passes through the objective lens, where it is
reflected by a double-faced mirror and the #3 mirror, and finally recorded by the
digital camera.

In PEMI, only traditional moiré interferometry patterns can be
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recorded.

Based on a grating frequency of 1200 lines/mm, the spacing of the

interference fringe represents 417nm of specimen displacement. This sensitivity is not
sufficient for measuring thermal deformation in high-density electronic packages if
the measured area or the deformation is very small. Thus the PEMI was modified and
upgraded to a high resolution moiré interferometer by using the phase shifting
technique as discussed below.
In operation, phase shifting is achieved by physically shifting the reference
grating. Shifting the reference grating along the x-direction can phase shift the U
field fringe pattern and shifting the reference grating along y-direction can phase shift
the V field fringe pattern. To accomplish this, a piezoelectric transducer (PZT) is
used to shift the reference grating. The reference grating is originally mounted at the
center of the back plate of the PEMI. For phase shift, the reference grating is
mounted on a rotating stage and a PZT is mounted on an aluminum plate attached to
the back plate of PEMI. (see Figure 2.4). The PZT is shifted at a diagonal angle of 45o
with respect to the x-direction and the y-direction. Thus when the PZT shifts the
reference grating, both U field and V field moiré fringe patterns are simultaneously
shifted. The 45o angle can be adjusted exactly by the rotating stage.
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Figure 2.3 Optical system of PEMI
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Figure 2.4 Modification of the back plate of PEMI
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The PZT mount on the back plate and the PEMI are shown in Figure 2.5. The
PZT is controlled by a computer interface operating a closed-loop controller (Figure
2.6). An analog voltage is supplied to the controller to make the PZT shift. The
shifting distance of the PZT is controlled to follow a linear relationship with the
applied voltage. In order to shift the moiré fringe patter with a phase difference of
exactly π/2, the distance shifted by the PZT must be very accurately controlled, which
requires an accurate applied voltage input to the controller. This is accomplished
using computer control via a high resolution analog output board and a computer
program written with the LabView software (National Instruments).

Back plate of PEMI

PZT

Figure 2.5 Phase-shift PEMI with PZT modification mount on the back plate
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Controller

BNC adapter
Computer with high resolution
analog output board
Analog input
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PZT

PZT input

Figure 2.6 Schematic of PZT control

The input range for the PZT controller is 0-10V, corresponding to a shift
range of 0-12µm. The reference grating frequency is 1200 lines/mm with a grating
period of 833nm. The input voltage and PZT shifting distance required for each phase
shifting step are shown in Table 2.1.

Table 2.1 PZT shifting steps
Phase
step

Input
voltage(V)

Shifting
distance of
PZT(nm)

Shifting distance of
reference grating along

Phase
shifting

x or y direction(nm)

1

0

0

0

0

2

0.123

147

147 / 2 ≈ 104

π/2

3

0.246

295

295 / 2 ≈ 208

π

4

0.368

442

442 / 2 ≈ 313

3π/2
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2.1.4

Experimental Details
A. Sample preparation

Moiré interferometry measurement requires a high quality grating on the
specimen surface that serves as the specimen deformation sensor. To measure the
thermal deformation of electronic packages, thermal loads are usually applied. In
Moiré interferometry measurements, this is usually done by applying a standard
grating onto the cross-section of an electronic package at a high temperature and the
deformation of the package is measured at room temperature. This is corresponding
to a thermal load from high temperature to low temperature. Detailed sample
preparation steps are summarized as below.
•

Cut the sample along interested cross-section.

•

Polish the cross-section to a mirror-like surface.

•

Clean the sample surface and the standard grating.

•

Pre-heat the oven to a pre-defined temperature (for example, 102oC).

•

Put the cleaned sample and standard grating into the oven and heat
them for 15 minutes.

•

Apply a thin layer of epoxy adhesive onto the surface of the standard
grating surface, then put the sample on the standard grating with the
sample cross-section is attached to the grating surface (see Figure
2.7(a) and (b)).

•

Cure the epoxy adhesive for a required time.
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•

After the epoxy adhesive is cured, break the sample away from the
standard grating. This step is done in the oven and should be finished
very quickly (see Figure 2.7(c)).

•

Remove the sample with a grating on its cross-section and the standard
grating out of the oven and let the sample cool down to room
temperature.

•

The sample is ready for moiré interferometry measurement at room
temperature that will be discussed in detail later.
Note that the standard grating has an ultra low expansion (ULE) substrate,

hence its thermal deformation with changing temperature can be ignored. The
standard grating is also called as ULE grating. The frequency of an ULE grating
almost keeps constant with changing temperature. The high temperature at which the
specimen grating is made is taken to be the reference temperature for the thermal
deformation of the sample. At this temperature, the deformation of the sample is
treated as zero. After the sample has cooled down to the room temperature, it will
deform and the grating on its surface will deform with the deformation of the sample.
The deformation of the specimen grating that can be measured by moiré
interferometry represents the thermal deformation of the sample.
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Figure 2.7 Specimen grating preparation

B. Moiré measurement

Since moiré interferometry is a very high sensitivity measurement technique,
the optical system needs to be aligned very precisely before the sample deformation is
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measured. A standard grating is needed to accomplish this precise alignment. For the
IBM PEMI discussed before, a standard grating is put on the sample holder. The
position of the standard grating and the four U and V mirrors are aligned to get a null
field for both U and V fields. A null field means no fringes in the U or V field. The
standard grating serves as a reference grating since it has no deformation. After a null
field is obtained for both U and V field, the alignment for the optical system of the
moiré interferometer has been accomplished. After the alignment, the sample
deformation can be measured step by step as summarized below.
•

Use a standard grating to align the optical system of the moiré
interferometer. Make sure a null field is obtained for both U and V
fields.

•

After the alignment, take away the standard grating and put the
deformed sample with a specimen grating on its surface on the sample
holder of the moiré interferometer.

•

Align the sample position to get proper moiré fringe patterns for both
U and V fields.

•

Use a digital camera to record the moiré fringe patterns for both U and
V fields.

•

For high resolution moiré interferometry, use PZT to shift the
reference grating by a phase angle of π/2, record the moiré fringe
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patterns for both U and V fields. Repeat for shifting the reference
grating by π and 3π/2.
•

Data analysis as discussed below.

C. Data analysis

A software developed in house is used to analyze the moiré fringe patterns
[2.7]. After all of the moiré fringe patterns are obtained, the phase maps for both U
and V fields are calculated first. Then the displacement and strain distributions can be
obtained by analyzing the U and V phase maps.
2.2

Interfacial Fracture Energy Measurement

Interfacial delamination is always a major concern for electronic packages
under thermal loading. For packaging level structures, typical interfacial delamination
problems include delaminations along the underfill/die interface in flip-chip packages
and die/die attach interface in wire bond packages. For wafer level interconnect
structures, with low k ILD materials are implemented into the structure,
delaminations along low k interfaces are commonly observed after thermal loading.
Hence the interfacial fracture energy is very important to study reliabilities for both
packaging and wafer level structures in electronic packages.
The interfacial fracture energy (or critical energy release rate Gc) is a function
of loading condition (In this dissertation, ERR or G refers to energy release rate). As
shown in Figure 2.8, there are three modes of loading condition to propagate a crack:
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tensile (mode I), in-plane shearing (mode II) and out-of-plane shearing or tearing
(mode III). The critical energy release rate GC for the interface depends on the
relative amounts of each mode, or mode-mixity. In order to compare the crack driving
force with the interface strength, it is important to know the interfacial fracture energy
and the mode-mixity as well. For a combined Mode-I and II loading, the critical
energy release rate varies with the mode-mixity as shown in figure 2.9.

Mode I

Mode II

Mode III

Figure 2.8 Basic crack loading conditions

There are three common techniques to measure the interfacial fracture energy
which are double cantilever beam (DCB), four-point bending and mixed mode
bending measurements. These three techniques will be reviewed briefly below.
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contribution
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Phase angle ψ
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Figure 2.9 Interfacial fracture energy as a function of mode mixity

2.2.1

Double Cantilever Beam Measurement

As shown in Figure 2.10, the DCB test can measure the interfacial fracture
energy under an almost pure Mode-I loading condition. At this loading condition, the
interface will show the weakest adhesion as shown in Figure 2.9. Interfacial fracture
energy of Mode-I provides a lower bound for critical adhesion of the interface.
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crack length, a

Figure 2.10

Schematic of DCB measurement

In DCB testing, the typical load-displacement behavior with crack
propagation along the interface is illustrated in Figure 2.11. The critical energy
release rate can be obtained by Equation 2.12. Detailed discussion of DCB
measurement can be found in reference [2.9].

2

P
GC = C
2B

 ∂C 
2
 ∝ ( PC a ) .

a
∂



(2.12)

where Pc is the critical load, B is the sample width, a is the crack length and C is the
compliance of the structure.
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Figure 2.11

2.2.2

Load-displacement behavior of DCB measurement

Four-Point Bend Measurement

Since interfacial cracking growth in electronic packages is a combination of
Mode I and II loading conditions, four-point bend measurement has become a very
popular method to measure the interfacial fracture energy because it can provide a
combined Mode I and II loading condition with a certain phase angle (42O) for a
given sample structure. This technique was first developed by Charalambides et al.
[2.10]. A schematic of the four-point bend sample and loading condition is shown in
Figure 2.12.
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crack length, 2a

Figure 2.12

Schematic of four-point bend measurement

In four-point bend measurements, the energy release rate is independent of the
crack length. A typical load-displacement curve is shown in Figure 2.13. By using the
critical load Pc, the critical energy release rate can be obtained by Equation 2.13.

Gc =

21(1 − ν 2 ) Pc2 L2
(2.13)
16 EB 2 h 3

where PL is the bending moment, B is the sample width, h is the substrate thickness,
E is the Young’s modulous of the subatrate and ν is the Poisson ratio of the substrate.
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Figure 2.13

2.2.3

Load-displacement behavior of four-point bend measurement

Mixed-Mode Bend Test

As discussed above, both DCB and four-pint bend measurements can only
measure the critical energy release rate at a certain mode mixity phase angle (0o for
DCB measurement and 42o for four-point bend measurement). Since the critical
energy release rate is a function of mode mixity, G. Fernlund and J.K Spelt proposed
an approach to measure the critical energy release rate under mixed-mode loading
condition [2.11-2.12]. C. Merrill set up an experimental instrument based on this
approach using a double cantilever beam (DCB) geometry [2.13], illustrated in Figure
2.14. The instrument allows interfacial fracture measurements for phase angles
ranging from 0º (pure tension) to 90º (pure shear).
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(a) Double cantilever beam geometry
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S4
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Adjustable

(b) Mixed-mode loading fixture
Figure 2.14 Mixed-mode bending measurement

In the mixed-mode bend measurement, the energy release rate and phase angle
can be obtained from Equation 2.14.
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where F1 and F2 are the applied loads, a is the crack length, B is the sample width, h
is the thickness of the sample substrate and E is the Young’s modulus of the substrate.
2.3

Summary

In this chapter, an experimental technique that is used to study the thermal
deformation of electronic packages, moiré interferometry, was reviewed first. Then a
phase shift technique was applied to increase the sensitivity of traditional moiré
interferometry. Based on this phase shift technique, an IBM Portable Engineering
Moiré Interferometer (PEMI) was modified and upgraded to a high resolution moiré
interferometer with the sensitivity of up to 26 nm per contour. This sensitivity is
sufficient enough to study the thermal deformation of very small features in electronic
packages. Experimental procedure of high resolution moiré interferometry was
discussed in detail. Finally, three experimental techniques for interfacial fracture
energy measurement, which are Double Cantilever Beam (DCB) measurement, FourPoint Bend measurement and Mixed-Mode Bend measurement, were reviewed
briefly.
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3 Thermal Stress Analysis of Cu Interconnects
Reliability issues of Cu interconnect structures such as electromigration
problem [3.1-3.2], wafer level interface delaminations and stress-induced voiding in
Cu lines [3.3-3.4] are directly related to thermal stresses in Cu damascene line
structures. In Cu interconnect structures, Cu lines are confined by surrounding
materials such as silicon substrate, barrier layers, ILD and passivation layers. During
wafer processing, Cu interconnect lines usually undergo several severe thermal cycles
with temperature can be up to 400oC. Significant thermal stresses will be generated in
Cu lines due to large thermal mismatch between Cu lines and surrounding materials.
The implementation of low k dielectrics to replace silicon dioxide as interlevel
dielectrics (ILD) has raised serious concerns about the structural integrity of Cu/low k
interconnects. Compared with silicon dioxide, the low k dielectric is weaker and
expands more. This can produce large thermal strains during processing, sufficient to
cause interfacial delamination in the interconnect structure.
During the past decade, analytical solutions, finite element analyses (FEA)
and experimental techniques have been used to characterize the stress state resulting
from the thermal mismatches among Cu lines, barrier layers, ILD, passivation layers
and silicon substrate under a thermal loading. Experimental techniques include the xray measurement and bending beam test. The x-ray technique determines the thermal
stresses in Cu films and lines by measuring the atomic lattice distance change. It can
measure the stress for Cu lines only and not for ILD and barrier layers. The bending
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beam method measures the in-plane average stress for a film deposited on the silicon
substrate by measuring the curvature of the silicon beam [3.5]. This technique can not
determine the stress perpendicular to the wafer surface. Finite element analysis is a
powerful tool to investigate the thermal stresses in Cu line structures and can give
detailed stress information for the interconnect structures. However, it needs all the
materials properties, that may not be available in some cases, and may need a long
computational time to get accurate results and has to be performed for each time with
changing the structure geometry and materials. Analitical solution can only be applied
to relative simple Cu line structures and is very difficult to apply to complicated
interconnect structures. However, it can provide a fast and accurate predication for
the stress state of the interconnect structure.
In this chapter, a semi-analytical solution for predicting Cu line stresses will
be discussed first. Then residual stress induced from wafer processing and thermal
stress induced from packaging effect in Cu interconnects will be discussed. Finally, a
crack driving force calculation technique will be introduced that will be used to
calculate the interfacial delamination driving force in Cu interconnect structures.
3.1
3.1.1

Semi-Analytical Solution for Cu Line Stress
Introduction

Several analytical models for the metal line stress have been presented in the
past years. Based on Eshelby’s inclusion theory, Niwa et al. [3.6] assumed that the
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elastic properties of the surrounding materials are same as the metal line and modeled
the line as an ellipsoidal cylinder embedded in an infinite isotropic material matrix.
Obviously, this model is too simple and can not be used for Cu/low k structures
because low k materials have very different elastic properties from Cu lines and the
silicon substrate. Korhonen et al. [3.7] improved Niwa’s model by considering
different elastic properties for the inclusion and the matrix. This model is still too
simple and not good enough for Cu/low k structures and it did not consider the
interaction between metal lines. Wikstrom et al. [3.8] presented an analytical model
for a periodic line structure. A homogenized layer is used to replace the Line/ILD
layer in this model. This model did not include the barrier layer and can only deal
with two limiting cases: very small line aspect ratio (treat line as film) and very high
aspect ratio. The line aspect ratio of real line structures varies from low to high.
Hence, it is necessary to consider the line aspect ratio effect. With line dimensions
continuing to scale down, the barrier layer will become increasingly important in
affecting the stress state of the line structures, especially for Cu/low k structures. It
would be very useful to include the barrier effect in the analytical model.
In this section, a semi-analytical model will be proposed to study the stress
state for periodic Cu line structures. The line aspect ratio is considered and the barrier
layer is included in our model. The analytical results are compared with results
obtained from finite element analysis and x-ray measurement. They are in very good
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agreement, indicating that this model can be used to predict the stress state for Cu line
structures with different structure geometry, ILD materials and barrier thickness.
3.1.2

Physical Model for Cu Line Structures

A schematic drawing of a periodic Cu line structure is shown in Figure 3.1.
WCu, WILD and P refer to the width of Cu lines and ILD and the line pitch. h and t
refer to the thickness of the Cu lines and barrier layers. The thickness of the silicon
substrate is considered to be infinite compared to the thickness of Cu lines and the
passivation layer. We select the line direction to be the x-axis direction and the
directions for y-axis and z-axis are shown in Figure 3.1.

Passivation layer
h

Cu line

WILD

WCu

t

ILD

Barrier layer
z

P

Si substrate

y

Figure 3.1 Schematic drawing for a periodic Cu line structure

Since the thickness of the Cu line structure is very small compared to the
silicon substrate, we assume the silicon substrate will deform freely under thermal
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expansion or contraction. The bottom barrier layer is completely confined by the
substrate and it will deform with the substrate. Due to the periodic feature of the
structure, a unit cell of the line structure will be investigated as shown in Figure 3.2.
Notice that the bottom barrier layer and the passivation layer are not included in this
unit cell. For each material, there are three stress components σ1, σ2 and σ3
representing the normal stresses along x, y and z direction, respectively, and three
strain components ε1, ε2 and ε3 representing the normal strains along x, y and z
direction, respectively. Here we only consider the average stress across the y-z plane
section for each material and do not consider the shear stresses and strains. We will
use superscripts Cu, ILD and BARR representing the Cu lines, ILD and barrier
materials.

WILD/2

WCu/2

h

z
y

t

Figure 3.2 A unit cell of the line structure

For this unit cell containing half Cu line, a side wall barrier layer and half ILD
line, there will be eighteen stress and strain unknowns, since each material has three
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stress components and 3 strain components. Eighteen equations are needed to solve
all of the stress and strain unknowns as discussed below.
3.1.3

Semi-Analytical Solution for Cu Line Stresses
A. Constitutive relations for the Cu line, ILD and barrier layer

For the Cu line, the stress and strain relationship can be expressed as

ε 1Cu = s11σ 1Cu + s12σ 2Cu + s13σ 3Cu + α Cu ⋅ ∆T

(3.1)

ε 2Cu = s 21σ 1Cu + s 22σ 2Cu + s 23σ 3Cu + α Cu ⋅ ∆T

(3.2)

ε 3Cu = s31σ 1Cu + s32σ 2Cu + s33σ 3Cu + α Cu ⋅ ∆T

(3.3)

We use anisotropic elastic properties for Cu line and ignore the shear
components. Sij is the elastic compliance matrix and can be found in Reference [1.12].
α is the coefficient of thermal expansion. ∆T is the temperature loading.
Similarly, the stress-strain relationship is expressed as Equation (3.4)-(3.6) for
ILD

ε 1ILD =
ε 2ILD =

σ 1ILD
E

ILD

σ 2ILD
E

ILD

− v ILD (

σ 2ILD

− v ILD (

σ 1ILD

E

E

ILD

ILD

+

+

σ 3ILD
E

ILD

σ 3ILD
E

ILD

) + α ILD ⋅ ∆T

(3.4)

) + α ILD ⋅ ∆T

(3.5)
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ε

ILD
3

=

σ 3ILD
E

ILD

−v

ILD

(

σ 1ILD
E

ILD

+

σ 2ILD
E

ILD

) + α ILD ⋅ ∆T

(3.6)

and (3.7)-(3.9) for the barrier layer.

ε1BARR =
ε 2BARR =
ε

BARR
3

=

σ 2BARR σ 3BARR

σ 1BARR
E

− v BARR(
BARR

− v BARR(
BARR

σ 3BARR
E

BARR

+

E

BARR

σ 1BARR σ 3BARR

σ 2BARR
E

E

BARR

−v

BARR

E

BARR

+

E

(

E

BARR

+

E

) + α BARR ⋅ ∆T

(3.8)

) + α BARR ⋅ ∆T

(3.9)

BARR

σ 1BARR σ 2BARR
BARR

) + α BARR ⋅ ∆T (3.7)

B. Force balances

The Cu line, barrier layer and ILD are connected Serially along the y
direction. The normal stress σ2 can be considered the same for each material. So we
have,

σ 2Cu = σ 2ILD

(3.10)

σ 2Cu = σ 2BARR

(3.11)
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The passivation layer is connected with Cu lines, barrier layer and ILD at its
bottom surface and free at its top surface. Hence, the net z-direction force exerted on
the passivation layer by the Cu line, barrier layer and ILD should be zero.

WCu
W
⋅ σ 3Cu + t ⋅ σ 3BARR + ILD ⋅ σ 3ILD = 0
2
2

(3.12)

C. Deformation confinements

The Cu lines, barrier layers and ILD are completely confined along the line
(x) direction. The normal strain ε1 for each material will be equal to the thermal strain
of the silicon substrate, as shown in Equation (3.13)-(3.15).

ε 1Cu = α Si ⋅ ∆T

(3.13)

ε 1BARR = α Si ⋅ ∆T

(3.14)

ε 1ILD = α Si ⋅ ∆T

(3.15)

The deformation confinement along z direction is related the normal strains
along z direction for Cu lines, barrier layer and ILD. We assume a uniform z-strain
distribution along y-direction for the barrier layer since its thickness is very small and
exponential distributions of z-strain along y direction for both Cu lines and ILD. The
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relationships of the average normal strains along z-direction ( ε 3 , ε 3
Cu

BARR

, ε 3 ) can be
ILD

expressed in equation (3.16) and (3.17).

WCu

ε

Cu
3

=

∫

2

0

WILD

ε 3ILD =

∫

0

2

y
−c1 

BARR
h
− α Cu ∆T )e  dy
α Cu ∆T + (ε 3


WCu
2
y
−c2 

BARR
h
α ILD∆T + (ε 3 − α ILD∆T )e dy


WILD
2

(3.16)

(3.17)

where c1 and c2 are constants. Wcu, WILD and h are defined in Figure 3.1.
The deformation confinement along y direction is a little bit complicated. It is
important to investigate the aspect ratio effect. When close to the line bottom, the Cu
lines, barrier layers and ILD are completely confined along y direction by the silicon
substrate. The bottom portion close to the silicon substrate can be treated as a thin
film and the y-direction confinement is similar to the x-direction confinement as
expressed in Equation (3.18)-(3.20). However, the force balance expressed in
Equation (3.10) and (3.11) does not hold any more for the bottom portion.

ε 2Cu = α Si ⋅ ∆T

(3.18)

ε 2BARR = α Si ⋅ ∆T

(3.19)
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ε 2ILD = α Si ⋅ ∆T

(3.20)

When far away from the line bottom, Equation (3.10) and (3.11) hold and the
y direction confinement results from the periodic boundary condition as expressed in
Equation (3.21).

WCu Cu
W
⋅ ε 2 + t ⋅ ε 2BARR + ILD ⋅ ε 2ILD = α Si ⋅ ∆T ⋅ P
2
2

(3.21)

We need to know the overall average stresses for Cu line, barrier layer and
ILD in the y-z plane. From the discussion above, the stress state for the line bottom
that is completely confined by the silicon substrate is quite different from that for the
line top. We need to solve the stress states for the line bottom and line top separately.
First, we use Equation (3.1)-(3.9) and (3.12)-(3.20) (18 equations for 18
unknowns) to solve the stress state for the line bottom. The Cu stresses in the line
bottom are marked as (σ 1Cu )bot , (σ 2Cu )bot and (σ 2Cu )bot . Then we use Equation (3.1)(3.17) and (3.21) (18 equations for 18 unknowns) to solve the stress state for the line
top. The Cu stresses in the line top are marked as (σ 1Cu )top , (σ 2Cu )top and (σ 2Cu )top .
The stress for the Cu line can be considered to lie between the line bottom
stress and line top stress. The Cu stress distribution along z direction is illustrated in
Figure 3.3. At the line bottom z is set to be 0.
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Figure 3.3 Illustration for stress distribution along z direction

The average stress for the Cu line is

h

σ

Cu
i

∫σ
=
0

Cu
i

( z )dz

h

, i = 1,2,3

(3.22)

σ iCu (z ) can be expressed in Equation (3.23).

σ (z) = (σ
Cu
i

) + [(σ ) −(σ ) ]e

Cu
i
top

Cu
i
bot

Cu
i
top

−c1

z
wCu

, i = 1,2,3
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(3.23)

where c1 is the same constant in Equation (16) that can be determined with further

( )

analysis. In Equation (3.23), σ iCu (0) = σ iCu

bot

( )

when z=0 and σ iCu (z ) → σ iCu

top

when

z→∞.
The same approach can be used to determine the average stress for the ILD
using Equation (3.24) and (3.25) and for the side wall barrier layer using Equation
(3.26) and (3.27).
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(3.24)
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(3.26)
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z
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−c3

z
wt

,i =1,2,3

(3.27)

where c2 and c3 are constants.
A MATLAB program was developed to solve the above equations. After the
structure dimensions and material properties are input into the program, the solution
can be obtained instantly.
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3.2

Wafer Processing Induced Residual Stress in Cu interconnects

3.2.1

Introduction

Wafer processing is a multi-step thermal process. The lowest process
temperature can be as low as –20oC and the highest as large as 450oC during wafer
processing. As mentioned before, materials in the wafer structure have very different
materials properties. For example, TEOS has a coefficient of thermal expansion
(CTE) of only 5.7ppm, while Cu-a metal line material, has a CTE of 17ppm. Large
thermal mismatches between wafer structure materials can be induced during wafer
processing. Hence, severe residual thermal stress can be generated in the wafer
structure during and after wafer processing. Further more, Cu films can undergo
significant grain growth during post-ECD annealing, leading to a stress state change
in Cu films.
Residual stress, generated by wafer processing, can have a significant impact
on the reliability of wafer level interconnect structures, such as stress-induced voiding
in Cu lines and vias, electromigration related problems in Cu lines and interfacial
delaminations and cracking in wafer level interconnect structures. Residual stress
from wafer processing, thermal stress upon thermal loading (as discussed in 3.1), and
packaging induced stress (as discussed in 3.3) are the major sources for stress related
reliability problems in wafer level interconnect structures. In order to understand
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these reliability issues, it is important to understand the residual stress induced during
wafer processing.
3.2.2

Cu Wafer Processing Procedure

Due to Cu’s isotropic nature, pattering Cu is a challenge because wet etching
is not applicable. Reactive ion etching (RIE) is also not practical due to the lack of
volatile compounds at low temperature. A new technique, called as damascene
technique, in combination chemical-mechanical polishing (CMP) is employed for Cu
metallization. The Cu dual damascene process is illustrated in Figure 3.4 and can be
summarized briefly as following.
•

Dielectric and etch–stop layers are deposited.

•

The trenches for vias and lines are ethched into the dielectric layer.

•

Deposit barrier layer and Cu seed layer.

•

Deposit Cu to fill the trenches to create vias and lines.

•

Using CMP to remove excessive Cu followed by passivation.

Since the first introduction of Cu metallization in 1998, the basic process flow
for Cu interconnects has been established over the past five years. With the evolution
of Cu metallization, new processes and materials have continuously emerged for Cu
wafer processing. Residual stress during Cu wafer processing has become an
important reliability issue for Cu interconnects, particularly for Cu/low k interconnect
structures.
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Dielectric
Deposit ILD and cap
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seed layer
Metal 1
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CMP → passivation
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Figure 3.4 Dual-damascene process for Cu interconnects
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3.2.3

Simulation of Wafer Processing Procedure

Due to the complication of wafer processing, no experimental techniques are
available to completely investigate the residual stress during wafer processing. Finite
element analysis can be applied to simulate the whole wafer processing procedure
based on an element birth and death technique.
A detailed introduction of the element birth and death technique can be found
in Appendix A. A FEA approach based on this element birth and death technique is
developed to simulate the wafer processing procedure and study the residual stress it
induces. This approach is illustrated in Figure 3.5. As shown in Figure 3.5, simulation
starts from a bare silicon wafer and is conducted step-by-step to the end of wafer
processing procedure.
Although the above FEA approach can not simulate all of the wafer
processing steps such as Chemical Mechanical Polishing (CMP), the simulation is
very close to a real wafer processing procedure. Reasonably accurate results for the
residual stress of wafer level interconnect structures are obtained.
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1. Bare silicon wafer, 25oC

2. Deposit TEOS, 375oC

4. Deposit Cu, 25oC

3. Deposit Ta barrier layer, 80oC

Intermediate wafer
processing steps

Final wafer structure
Figure 3.5 Wafer processing simulation
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3.3

Packaging Induced Stress in Cu Interconnects

3.3.1

Introduction

For a stand-alone wafer structure, thermal stress in Cu interconnects is
induced from thermal mismatches among different materials in the wafer level
structures when a thermal load is applied. After a chip is packaged with package level
components, thermal mismatches among package level components will also generate
thermal stresses that can be transferred to the wafer level interconnect structures. For
example, for high-density flip-chip packages, large deformations and stresses can be
generated by thermal mismatch between the silicon die and the substrate. By
employing underfills, thermal stresses at the solder bumps can be effectively reduced
to improve package reliability [3.9]. However, the underfill causes the package to
deform, leading to large peeling stresses at the die-underfill and die-solder interfaces
where the Cu interconnect structure is located, which significantly impact both
packaging and wafer level reliabilities.
At this time, the Al/oxide interconnect is being replaced by Cu damascene
structures with both oxide and low k interlevel dielectrics. Compared with oxide, the
low k dielectric is softer, expands more and adheres weakly to other materials.
Interfacial delamination is commonly observed in Cu/low k interconnects after the die
is assembled into a plastic flip-chip package. This raises an important question
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concerning: Does the packaging drive interfacial delamination and what is its impact
on the reliability of Cu/low k chips?
3.3.2

Thermal Stress from Packaging Effect

A plastic flip-chip package will be used to discuss the induced stress in wafer
level Cu interconnect structures from package deformation. As shown in Figure 3.6,
the silicon chip is attached to a plastic substrate with solder bumps and underfill.

Underfill

Solder bump
Silicon Chip
Plastic substrate

Figure 3.6 Schematic of a plastic flip-chip package

Silicon has a very different CTE (about 2.6ppm) from that of the plastic
substrate (about 15ppm). When a thermal load is applied to the package, e.g., cooling
down from a higher temperature to a lower temperature, severe thermal mismatch
between the silicon chip and the plastic substrate will cause the package to bend
downward because the plastic substrate will contract much more than the silicon chip,
as shown in Figure 3.7. This package deformation will lead to large peeling and shear
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stresses at the chip surface. Further more, the thermal mismatch between underfill and
solder bumps will also generate tensile or compressive stress at the chip surface.

Package bends downward upon cooling

Device Level

2
1
~10µm
1: peeling stress
2: shear stress

Dielectric
Metal
Passivation
Shear stress
Peeling stress

Figure 3.7 Package deformation induced stress in wafer level interconnect structure
upon cooling from high temperature to low temperature
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Since the wafer level interconnect structure is located at the chip surface and
directly connected with solder bumps or underfill in the flip-chip package (as
illustrated in Figure 3.7), the package deformation induced stress at the chip/solder
bump or underfill interface will be transferred into the wafer level interconnect
structure. This stress can be sufficient to cause interfacial delaminations in the wafer
level interconnect structure, particularly for Cu/low k interfaces. Hence, the package
deformation induced stress in the wafer level interconnect structure is very critical to
the reliability study of wafer level Cu/low k interconnect structures.
3.3.3

Simulation Methodology for Packaging Effect

Currently, there is no experimental technique available to investigate the
package deformation induced stress in wafer level interconnect structures. Hence,
finite element analysis is a potential research technique to study this problem. Finite
element analysis is a powerful tool and has been widely used to study the thermal
deformation of electronic packages and the thermal stress in stand-alone wafer
structures. However, using FEA to study the package deformation induced stress in
wafer level interconnect structures is very challenging.
In order to study the stress in wafer level interconnect structures induced from
package deformation, structural details in both wafer and package levels must be
considered in the finite element analysis model. This will raise a big challenge when
modeling these details. In the wafer level interconnect structure, the minimum
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dimension can be as small as 10 nm for barrier layers, while in the package level
structure, the maximum dimension can be up to 10 to 30 mm for the package
substrate. If we model all of the details for both package and wafer level structures in
a single FEA model, the ratio of the maximum dimension over the minimum
dimension is in the order of 106~107. This will lead to an extra huge FEA model that
may never be able to be analyzed by any current available computational capability.
The problem can be solved by the sub-modeling technique as discussed below.
A detailed introduction of sub-modeling technique can be found in Appendix
B. A FEA approach based on a multilevel sub-modeling technique is developed to
study the package deformation induced stress in wafer level interconnect structures.
This approach is illustrated in Figure 3.8. Starting from the package level, multilevel
sub-modeling can be conducted one level of detail at a time and finally the modeling
for the interconnect level is reached after several intermediate sub-modeling steps.
This multilevel sub-modeling is summarized as below.
•

Level 1: Package level model. The wafer level interconnect structure may not
be considered when modeling the whole package.

•

Level 2: Sub-model for the critical region in the package. For example: the
outer most solder bump region.

•

Level 3: Sub-model focused on the chip/solder interface

•

Level 4: Sub-model zooming in more to the detailed wafer level interconnect
structure.
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Silicon

Level 1: Package level Model

Level 2: Sub model of package
level model focusing on the
critical region in the package

Silicon

Solder pad

Level 3: Sub model of Level 2
model focusing on the chip/solder
interface

Interconnect layer

Silicon
Level 4: Sub model of Level 3
model with detailed wafer level
interconnect structure

Solder pad
Solder pad

Detailed Interconnect structure

Figure 3.8 Schematic for multilevel sub-modeling
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3.4

Crack Driving Force Calculation for Interfacial Fracture

Since the critical energy release rate is a function of mode mixity, it is
necessary to obtain the crack driving force (energy release rate) as well as the mode
mixity for an interfacial delamination in order to make a reasonable comparison
between the crack driving force and the interfacial adhesion strength.

In finite

element analysis, several methods are used to calculate the crack driving force as well
as the mode mixity, such as Crack Tip Open Displacement (CTOD), Virtual Crack
Closure (VCC) and Modified Virtual Crack Closure (MVCC) techniques [3.10]. The
MVCC technique is used in this thesis to calculate the energy release rate instead of
virtual crack closure (VCC) method. The advantage of MVCC is that only one
calculation is needed. The VCC method requires two calculations (before and after
the crack front propagates a pre-defined distance). The MVCC saves computational
time.
The MVCC technique is illustrated in Figure 3.9. A detailed discussion of the
MVCC technique can be found in Reference [3.11-3.14]. Energy release rates
corresponding to the three basic fracture modes I, II and III can be separately
determined by use of MVCC technique as briefly shown in Figure 3.9.
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Figure 3.9 Modified virtual crack closure technique

For the eight-node solid elements shown in Figure 3.9, the three energy
release rate components GI, GII and GIII can be obtained as:

GI = ∑ Fz(i1 ) δ z(i2 ) /(2∆A)
i

GII = ∑ Fx(i1 ) δ x(i2 ) /(2∆A)

(3.28)

i

GIII = ∑ Fy(i1 ) δ y(i2 ) /(2∆A)
i
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where Fx( i1 ) , Fy( i1 ) and Fz( i1 ) are nodal forces at node i1 along x, y and z direction,
respectively. δ x( i2 ) , δ y( i2 ) and δ z( i2 ) are relative displacements between node i2 and i3
along x, y and z direction, respectively. Note that for simplicity only one element set
is shown along the crack front direction (y direction).
Once GI, GII and GIII are determined, the phase angles may be expressed as

1
 G
2

II
ψ = tan 

GI  



−1

(3.29)

1

2
ϕ = tan −1  G III G  
I 



In the finite element analysis, the ratio of GI, GII or GIII over the total G
(GI+GII+GIII) may change due to changing the element size around the crack tip,
especially when the element size is very small. In our simulation, the element size is
relative large hence the ratio of GI, GII or GIII over the total G is insensitive to the
element size.
The general interface fracture criterion can be expressed as

 GI

 G IC

l

 G

 +  II
 G IIC






m

 G
+  III
 G IIIC

n


 = 1


(3.30)
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where GIC, GIIC and GIIIC are critical energy release rates for pure mode 1, 2 and 3,
respectively. l, m, n are constants.
3.5

Summary

In this chapter, a semi-analytical solution for Cu line stresses is proposed first.
Then residual stress in Cu interconnect structures during wafer processing is
discussed. In order to study the residual stress in Cu interconnect structures induced
from wafer processing, a finite element analysis approach based on element birth and
death technique is proposed to simulate the wafer processing procedure. The
packaging induced stress in Cu interconnects is also discussed and a simulation
methodology based on multilevel sub-modeling technique is developed to study this
packaging effect. Finally, a modified virtual crack closure is introduced to calculate
the crack driving force for interfacial delaminations in Cu interconnect structures.
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4 Thermal Deformation of Electronic Packages
Moiré measurement results for three different types of packages are reported
in this chapter. These packages include 3M CueBGA packages, a Philips on board
flip-chip package, and a Motorola experimental flip-chip package without board. As
seen later, thermal deformations of these packages are quite different from each other,
hence resulting in very different reliability problems in these packages.
4.1

Thermal Deformation of CueBGA Packages

Chip scale packages (CSP) are popular in applications where size is of critical
importance, such as portable electronic devices, telecommunications systems, etc. To
improve the reliability of this package, especially to shield the solder balls from the
CTE mismatch of the die and the board, 3M has developed a flex-based CSP where a
copper layer is introduced between the die and the solder balls. The copper has a CTE
value close to that of the board and, consequently the solder balls experience much
smaller strain. The focus of analysis shifts from the solder balls to the copper layer
and the interface layer between the die and the copper layer. Also, if there are solder
balls outside the projection of the die, as in the case of this package, it is important to
analyze these solder balls. With this motivation in mind and the critical areas
identified, moiré interferometry is an ideal experimental tool to investigate this
problem. This technique offers a high-resolution whole field deformation map that is
used to calculate displacements and strains.
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4.1.1

Experimental Details

A schematic of the 12mm CueBGA package with the three sections that were
analyzed is shown in Figure 4.1. Section_01, section_07 and section_45 correspond
to the first solder ball line, seventh (middle) solder ball line and the diagonal solder
ball line respectively.
Each specimen was cut and polished to the mid-section of the solder balls. A
low-viscosity, brittle adhesive was used to adhere a 1200 lines/mm grating on the
cross-section of the specimen at a temperature of 102oC. The adhesive was chosen to
reduce the adhesive thickness and hence the shear lag affects. The deformation at this
temperature was taken as a reference (zero) deformation state. The experiment was
performed at a room temperature of 22oC, providing a thermal loading of -80oC. A
sample SEM photograph of the section_01 is shown in Figure 4.2. As this section
corresponds to the outermost layer of solder balls, the die is not visible. A sample
optical microscope picture of the outermost solder ball is shown in Figure 4.3. This
picture was taken after the silicone rubber was applied. A schematic of the relative
thickness of the silicone rubber compared to the solder ball diameter is shown in
Figure 4.4.
In the beginning, experiments were carried out without using silicone rubber.
As explained in the results section, this gave erroneous results due to the high
modulus of the epoxy adhesive that was used to apply the grating seeped in between
the solder balls. As the moiré analysis is highly sensitive to the surface properties, this
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thin but strong layer of epoxy was altering the local deformation at the solder balls.
Different techniques were tried to avoid the problem.

Section_01

Section_07

Section_45

12mm Flex CSP (13X13 solder balls)

Solder ball pitch=0.8mm
FR4 board
Silicon Die

Encapsulant
FR4 board

Cu Interposer

Solder balls

Figure 4.1 A schematic of the 12mm CueBGA package with the three sections that
were analyzed
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After some experimentation, silicone rubber was chosen and yielded
satisfactory results. A thin layer of silicone rubber was applied to stop the adhesive
from seeping between the solder balls. The thickness of the silicone rubber was kept
to a minimum (0.3- 0.4 mm). This layer is preferable to the epoxy adhesive layer. The
stiffness of silicone rubber is at least 2 orders of magnitude less that that of the epoxy.
The dimensions of the cut samples are given in Figure 4.5. For all three
specimens, a sample size of 36mm X 36mm was cut out of the board with the 12 mm
X 12 mm package in the center. When the specimen was cut and polished for
section_01 (Figure 4.5 (a)), one dimension was reduced from 36 to 22.8 mm. The
dimensions in Figures 4.5 (b) and (c) are self-explanatory.

Figure 4.2 SEM picture for the section_01 surface. (Note that the die is not visible at
this cross-section. This picture was taken before silicone rubber was applied.)
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Figure 4.3 Picture of the outermost solder ball taken with an optical microscope
(Silicone rubber can be seen in the gap between copper layer and FR4 board)

Silicone

Figure 4.4 Schematic of the surface after silicone rubber is applied
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36 mm

(a)

12 mm
22.8 mm
12 mm

12 mm

36 mm
(b)
12 mm
12 mm

12 mm

18 mm

(c)

36 mm

12 mm

12 mm
36 mm

Figure 4.5 Sample specimen dimensions for (a) section_01, (b) section_07 and (c)
section_45
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4.1.2

Qualitative Analysis

Initially, the experiments were performed without the silicone rubber. Sample
moiré images obtained when silicone rubber was not present are shown in Figures 4.6
(a) and (b). Each moiré fringe corresponds to 0.417 µm displacement. The epoxy
adhesive present in between the solder balls obviously effects the displacements in
the solder balls. The U field displays large u displacement in between the solder balls.
The gap between the solder balls is just air, the displacement between the solder balls
should be the same as the layers above and below it. The large u displacement seen
here is due to the high CTE of the epoxy. By undergoing a large displacement and
having a high modulus, the epoxy is influencing the displacements in the solder balls
to a great extent. The same phenomenon is noticed in V displacement. From the value
of the CTE of solder balls, the number of fringes in V field can be calculated to be 3
to 4 fringes, whereas, nearly double this number is seen in Figure 4.6 (b). Again, this
is due to the effect of epoxy.
After some experimentation, silicone rubber was chosen for application before
the epoxy to stop it from seeping in the gaps. Silicon rubber has a very low modulus
and has negligible effect on the displacements. The only concern is the high Poisson's
ratio. But as it is applied to a thickness of .3-.4 mm, and as it is free to expand in the
thickness direction, there is no stiffening due to build up of hydrostatic stresses.
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(a) U field

(b) V field
Figure 4.6 Moiré fringe patterns for section_01 (without silicone rubber)

The fringe patterns obtained for section_01 with silicone rubber are shown in
Figures 4.7 (a) and (b). In the region of the outermost solder ball, an outline of the
interfaces obtained from the SEM photographs is superimposed. A number of
qualitative observations are made from these figures:
•

The overall deformation (U and V fields) is that of bending in the

package.
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•

The most critical interface is the die-copper interface. The U

displacement field displays a mismatch in fringes across this interface. This is
primarily due to the CTE mismatch across this interface.
•

Both displacement fields display relatively less displacement gradients

across the copper-solder ball and the solder ball-PCB (Printed Circuit Board)
interface. This shows that the copper layer is effectively shielding the solder balls and
the PCB from the die.
•

The outermost solder ball has higher normal and shear strains

compared to the others, as seen by the higher number of fringes and the inclination in
the V field. This may be due to the fact that this solder ball lies outside the projection
of the die.
•

The most critical areas appear to be the copper layer, the last solder

ball and the interface between these two.
•

Another critical point is the die-copper corner. This is to be expected.

Thermal mismatch between these two materials gives rise to singular stresses at the
bimaterial corner.
A limited high resolution phase shifted moiré analysis was carried out at these
critical areas. These phase maps are given in Figures 4.8 (a) and (b). The die-copper
interface can be clearly seen from the high displacement gradients at this interface.
Also, the solder ball can be identified by the difference in the deformation when
compared to that of the surrounding gap. In these phase maps, each contour
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corresponds to 0.218 µm displacement. Even though it is not shown here, the phase
map can be subdivided to obtain displacement contours as small as 26 nm.

(a) U field

(b) V field

Figure 4.7 Moiré fringe patterns for section_01 (with silicone rubber)
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(a) U field

(b) V Field
Figure 4.8 Phase maps for section_01 (with silicone rubber)
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The same analysis was carried out for section_07. Figures 4.9 (a) and (b)
show the U and V displacement fringes and Figures 4.10 (a) and (b) display the phase
maps near the outermost solder ball. The die layer is visible in this section whereas it
was not present in the previous section, making the effect of the die is clearly visible,
especially in the V field. The rest of the features are similar to section_01.
The moiré fringes for the diagonal section (section_45) are given in Figures
4.11 (a) and (b). The fringes in the die, encapsulant and the PCB appear symmetric
and typical of a package under thermal loading; but, the fringes in solder balls are not
symmetric. The reason for this error was not found. Care was taken to make sure that
the specimen was cut and polished exactly along the diagonal so that the size of the
solder balls is the same at both ends. Due to the lack of samples, this experiment was
not repeated.
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(a) U field

(b) V Field

Figure 4.9 Moiré fringe patterns for section_07 (with silicone rubber)
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(a) U field

(b) V field
Figure 4.10 Phase maps for section_07 (with silicone rubber)
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(a) U field

(b) V field
Figure 4.11 Moiré fringe patterns for section_45 (with silicone rubber)
Silicon Die
y

Cu Interposer

A
B
C
Solder

x

A
B
C

Figure 4.12 Position of Line A, B and C
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4.1.3

Quantitative Analysis

The section_01 was analyzed first. Displacements are plotted along the three
lines shown in Figure 4.12. Line A is the centerline of the die, line B is the centerline
of copper and line C is along the copper-solder ball interface. The U and V
displacements are given in Figures 4.13 (a) and (b), respectively. Both graphs show
typical bending displacements. The change in slope is due to the presence of the die.
The die is present until 4.5 mm and its effect is seen in the graphs. This change in U
displacement is due to the change in CTE and hence the U displacement curve slope
changes for line A only. The slope increases sharply after 4.5 mm for all three lines in
the V displacement due to higher compliance of the specimen in the absence of the
die and hence higher V displacements.
Figure 4.14 (a) displays the average normal strains in the solder balls. εx is
approximately constant in all the solder balls and equal to about -0.1%. The value of
εy displays varies somewhat. The outermost solder ball has the highest εy, equal to
approximately -0.5%. The shear strain is given in Figure 4.14 (b). The two
components of the shear strain are plotted separately in addition to the shear strain,
γxy. As expected, the shear strain is equal to 0 at the neutral axis (central solder ball).
It increases slowly, till the second to last solder ball, to a value of about -.025%. The
strain at the last solder ball has a much higher value of about -.14%. This shows that
the outer solder ball is the critical one and the other solder balls have lesser strain due
to the copper layer.
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Shear strains are plotted for lines A and B in Figures 4.15 (a) and (b)
respectively. Line A is along the center of the die. It has a low shear strain. There is a
jump at the vertical interface between the die and the encapsulant, indicating a high
shear strain along this interface. Away from this interface, the shear strain drops back
to zero as expected. Line B lies at the center of the copper layer and the behavior is
similar to the die; but, the jump in the shear strain near the die-copper corner is
higher. As observed in the quantitative analysis section, this is one of the critical
points in this specimen.
A similar analysis was performed for section_07 and similar results were
obtained. The displacements are given in Figures 4.16 (a) and (b), the solder ball
strains in Figures 4.17 (a) and (b) and the shear strains along line A and B are given
in Figures 4.18 (a) and (b). The trends and values are close to that of section_01. The
die is present in this section, affecting the displacement plots given in Figures 4.16 (a)
and (b). There is a sharp change in the slope of the displacement curves at the end of
the die. From Figure 4.17 (a), it is seen that the magnitude of εx is much larger than
that of section_01 (Figure 4.14 (a)). εy and and γxy are quite similar to the values for
section_01. Hence, the effect of the die on the location of the solder balls is marginal.
The effect on the shear strain along the lines A and B is significantly more. The shear
strain value for section_07 given in Figures 4.18 (a) and (b) is nearly twice the value
of the shear strain for section_01, given in Figures 4.15 (a) and (b). This is to be
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expected, as the die is not present in section_01, and hence the shear strains are lower
compared to the section_07 where the die is present.
Section_45 was not analyzed due to the apparent error in the fringe pattern in
the solder balls. The reason for this could be a defect in the gratings. This experiment
could not be repeated due to the lack of samples.
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Figure 4.13 (a) U and (b) V displacement along x direction for section_01 (0
corresponds to the central of the package)
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Figure 4.14 Average (a) normal and (b) shear strains in the solder balls for
section_01(0 corresponds to the central and 6 to the outermost solder ball)
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Figure 4.15 Shear Strain along line (a) A and (b) B for section_01 (0 corresponds to
the center of the package)
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Figure 4.16 (a) U and (b) V displacement along x direction for section_07(0
corresponds to the central of the package)
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Figure 4.17 Average (a) normal and (b) shear strains in the solder balls for
section_07(0 corresponds to the central and 6 to the outermost solder ball)
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Figure 4.18 Shear Strain along line (a) A and (b) B for section_07 (0 corresponds to
the center of the package)
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4.1.4

Finite Element Analysis

Three-dimensional FEA of the 12 mm CueBGA package was performed using
commercial software [4.1]. FEA was first used to duplicate the same sectioned
sample as the moiré results and then to analyze the entire package. Due to the
symmetric structure and deformation, only a quarter of the package was modeled.
Temperature-dependent elastic-plastic properties for eutectic solder were input in the
model. Initially, all other materials but the solder were considered to be isotropic
linearly elastic. Without considering the plastic property for the die-attach adhesive,
the FEA result did not agree with the moiré result. For this reason, a micro-tensile
system was employed separately to measure the stress-strain relationships for the dieattach, polyimide, and the proprietary adhesive. In this system, two computercontrolled encoder stepper motors were used to generate static sample displacements
of less than 1 micron, and a load cell provides data for determining the applied load.
The stress-strain curves generated by this system for the three adhesives were then
input into the FEA model. FEA was also carried out for an ideal flip-chip assembly
with similar dimensions as the CueBGA. The solder balls in both packages have the
same dimensions, but underfill was applied between the die and the PWB for the flipchip assembly.
The FEA results for this ideal flip-chip and two CueBGA assemblies were
compared (one used polyimide adhesive and the other used the proprietary adhesive
between the flex circuit and the copper stiffener). Tables 4.1 and 4.2 show the
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maximum stresses and stress-induced strains, respectively, in solder balls under a
temperature load of 102 to 22°C. As mentioned, solder balls in the flip-chip package
undergo higher shear stress (σ13 or σ23) due to the severe CTE mismatch between the
solder balls and the die. Although the maximum shear stress (σ13 or σ23) in the flipchip package is only 1.5 times of that in the CueBGA (Table 4.1), the maximum shear
strain (ε13 or ε23) is much higher than that in CueBGA (Table 4.2).

Table 4.1 Maximum stresses in solder balls (MPa)
Package

σ11

σ22

σ33

σ12

σ13

σ23

σ Von Mises

CueBGA

63.95

63.90

77.72

12.07

24.44

24.02

53.85

52.65

48.39

35.80

26.29

22.80

22.11

52.09

109.9

110.0

101.8

24.39

32.09

32.01

63.50

(Polyimide Adhesive)

CueBGA
(3M Adhesive)

Flip-Chip
Assembly

Table 4.2 Maximum stress-induced strains in solder balls (×0.001)
Package
CueBGA

ε11

ε22

ε33

ε12

ε13

ε23

ε Plastic Equivalent

0.92 0.93 2.17 1.55

3.45

3.31

0.66

1.91 1.73 1.18 2.92

2.52

2.45

0.47

2.81 2.82 3.65 3.69 12.45

12.88

7.14

(Polyimide Adhesive)

CueBGA
(3M Adhesive)

Flip-Chip
Assembly
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4.2

Thermal Deformation of on Board Flip-Chip Package

An electronic package supplied by Philips has been analyzed using moiré
interferometry. The deformation of a diagonal cross-section was measured under a
thermal load from 102oC to 22oC.

The overall deflection of the package was

quantified by analyzing the Moiré fringe patterns. All BGA solder balls outside the
die projection area undergo a relatively small deformation. In contrast, the BGA
solder balls under the die projection area show a large compressive stress in the
vertical direction. The die/spreader interface and the die/substrate corner seem to be
critical, having high stress concentrations due to the CTE mismatch between the die
and the substrate and the overall bending of the package.
4.2.1

Experimental Details

The package was cut and polished along a diagonal cross-section. A lowviscosity, brittle epoxy was used to adhere a 1200 lines/mm grating on the crosssection of the specimen at 102 oC. The adhesive was chosen to reduce the adhesive
thickness and hence the shear lag affects. The deformation at this temperature was
taken as a reference (zero) deformation state. The experiment was performed at room
temperature, 22 oC, corresponding to a thermal loading of -80 oC.
A schematic of the package is shown in Figure 4.19. Optical micrographs of the
BGA solder balls and die-substrate corner are shown in Figures 4.20 and 4.21,
respectively.
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y
See Figure 4

Underfill
x

Heat Spreader
Die

Copper

Copper

Substrate
PCB

Solder
Figure 4.19 A schematic of on board flip-chip package for the diagonal cross section

Figure 4.20 Optical microscope picture for the BGA solder balls

Solder bump

Die

Underfill

Substrate

Figure 4.21 Optical microscope picture for the die-substrate corner
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4.2.2

Overall Deformation

The overall deflection of the package can be determined from the moiré fringe
patterns shown in Figure 4.22. Under a thermal loading of –80°C, the package bends
downward in the area under the die projection. Outside the die projection area, it
bends upward. Displacements have been determined and plotted along three line
directions: line A the centerline of the heat spreader, line B the centerline of the die
and the copper stiffener and line C the center line of the substrate. The U and V
displacements are given in Figures 4.23 (a) and (b), respectively. The V displacement
shows deformation characteristics typical of bending deformation. Because the CTE
of the substrate and PCB are larger than that of the die, this makes the package bend
downward under the die project area upon cooling. Outside the die projection area,
the CTE of the heat spreader is larger than that of the die, making the package bend
upward. Under the die, the interface between the die and the substrate is stronger
than the die/heat spreader interface (see Figure 4.24). So the properties of the
substrate and PCB largely determine the amount of bending in the package. Out of
the die area, the heat spreader has a greater effect, making the package bend upward.
Between the die and the copper stiffener, a large compressive stress exists in the
substrate, particularly in the area near the die corner. This is manifested by the large
slope of the U displacement along line C between the die and the copper stiffener.
Between the die and the heat spreader, a discontinuity can be seen in the U
displacement in Figure 4.24, indicating a weak interface.
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Die
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Moiré fringe patterns region
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Substrate
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Neutral line

(a) U field

(b) V field

Figure 4.22 Moiré fringe patterns for the on board flip-chip package
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(b)
Figure 4.23 (a) U and (b) V displacements along three lines
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Severe U displacement mismatch shows the
die-heat spreader interface layer is very weak.

Figure 4.24 U displacement mismatch between the die and heat spreader

4.2.3

Deformation of BGA Solder Balls under Die Projection

Figures 4.25 (a) and (b) show the U and V deformation displacements of the
BGA solder balls under the die projection. There are few fringes in the U field for
two solder balls, indicating a small average normal strain εx in these solder balls. In
comparison, the V fringes are very dense for both solder balls. This corresponds to
an average normal strain εy of approximately –0.6% in the left solder ball and –0.8%
in the right solder ball. Because the total normal strain εy for each solder ball is much
larger than the thermal strain α∆T(=-0.2% if the CTE of the solder balls α=25E6/oC), these two solder balls are subject to a large compressive stress in the vertical,
or the y direction.
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W can explain this as follows. Under thermal loading ∆T and a compressive
stress σy (Figure 4.26), the total normal strain can be presented as

ε y = ε thermal +

σy

(4.1)

E

ε x = ε thermal − ν

σy
E

(4.2)

where

ε thermal = α∆T < 0
σy < 0⇒

σy
E

σ y < 0 ⇒ −ν

<0

σy
E

>0

Both of the two terms at the right-hand side of Equation (4.1) have a negative
sign. Their sum yields a larger negative normal strain εy. In contrast, the two terms at
the right-hand side of Equation (4.2) have opposite signs, so they cancel each other
giving a relatively small normal strain εx.
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(a) U field

(b) V field

Figure 4.25 Moiré fringe patterns of the BGA solder balls under die projection
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Figure 4.26 Deformation explain for the BGA solder balls under die projection

4.2.4

Deformation of BGA Solder Balls under the Copper Stiffener

From the moiré fringe patterns, the nine solder balls under the copper stiffener
undergo relatively small deformation for both U and V fields. Figure 4.27 gives the
average normal strains of these solder balls. Since the fringes appear to be fussy and
not well defined, detailed information such as strain distributions of solder balls can
not be obtained from the standard moiré fringe patterns.
For this reason, a high-resolution phase shifted moiré analysis was carried out
for these solder balls. As an example, the U and V phase maps obtained for four
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solder balls are given in Figure 4.28. In these phase maps, each contour corresponds
to a 0.218 µm displacement, providing better defined displacement contours for the
package. With contour multiplication, the resolution can be enhanced further. Figures
4.29 and 4.30 show the displacement contours corresponding to a displacement
spacing of 52nm. At this resolution, the displacement distribution for an individual
solder ball can be determined. The high-resolution moiré fringes show displacement
and strain concentrations near the top right and bottom left corners. Hence, these are
critical areas for each solder ball to consider for reliability assessment.
Figure 4.31 shows the U and V displacement distributions along the top and
bottom lines of the BGA solder balls.
4.2.5

Deformation of Die-Substrate Corner

A high-resolution phase shifted moiré analysis was performed on the diesubstrate corner area. These phase maps are given in Figures 4.32 (a) and (b). The
die/underfill interface can be clearly seen from the high displacement gradients at this
interface. Also, the solder bump can be identified by the difference in the deformation
when compared to that of the underfill. In these phase maps, each contour
corresponds to 0.218µm displacement. Even though it is not shown here, the phase
map can be further subdivided to obtain displacement contours with spacing as small
as 26 nm. In that case, the strain distribution can be obtained by analyzing the highresolution phase contour maps.
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Figure 4.27 Average normal strains for the BGA solder balls under the copper
stiffener

Copper
stiffener
Substrate

PCB
(a) U field
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Copper
stiffener
Substrate

PCB
(b) V field
Figure 4.28 Phase maps for the BGA solder balls under the copper stiffener

See Figure 14 (a)

(a) U field

See Figure 14 (b)

(b) V field
Figure 4.29 Displacement contours with a contour interval of 52nm
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(a) U field

(b) V field

Figure 4.30 Displacement contours in a solder ball with a contour interval of 52nm
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A
B

(a)

A
B

(b)
Figure 4.31 Displacement distributions along the top and bottom lines of BGA solder
balls
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(a) U field

(b) V field
Figure 4.32 Phase maps for the die-substrate corner
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4.3

Thermal Deformation of Flip-Chip Packages

As shown in Figure 4.33, a flip-chip package is directly attached to a substrate
with solder bumps located between them. The severe thermal expansion mismatch
between the silicon die and the substrate introduces significant thermal stresses in the
package, especially in the small solder bumps. Underfill is usually used to fill the gap
between solder bumps to reduce the thermal stresses in the solder bumps hence
improve the solder bump’s reliability [4.2]. However, new interfaces are introduced
with the presence of underfill, such as the solder-underfill interface, underfill-silicon
interface and underfill-substrate interface. Thermal stress-induced delamination along
these interfaces can occur during thermal cycling. Thermal deformation of the
package is directly related to its geometry and the materials used in the package. In
this study, high resolution moiré interferometry was used to measure the whole-field
deformation of an experimental flip-chip package under thermal loading. The
experimental results will be used to analyze the reliability of the package.

Die

Solder bump

Substrate

Underfill

Figure 4.33 Flip-chip package attached to substrate with solder bumps surrounded by
underfill
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4.3.1

Experimental Details

The moiré analysis was carried out for an experimental flip-chip package. The
package was first sectioned and polished at the cross-section of interest. A schematic
of the experimental flip-chip package is shown in Figure 4.34 with the cross-section
that was analyzed.

Flip-chip Package

24mm

~7mm
Section for moiré analysis

~8mm

PCB Solder bump pitch=0.225mm

24mm

Figure 4.34 Schematic of an experimental flip-chip package

Pictures of this cross-section were taken with an optical microscope. A very
thin layer of epoxy adhesive (less than 5 µm) was used to adhere a 1200 lines/mm
grating on the cross-section of the specimen at a temperature of 102οC. The
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deformation at this temperature was taken as a reference (zero) deformation state.
The moiré experiment was performed at room temperature (22°C), hence providing a
thermal load of −80°C. A microscope picture of the right corner of the cross-section
is shown in Figure 4.35.

Figure 4.35 A microscope picture of the cross-section of interest

4.3.2

Global Deformation Analysis

The fringe patterns for the cross-section are shown in Figure 4.36. A number
of qualitative observations can be made from these Figures such as:
•

The global deformation (U and V fields) shows the bending of the

package.
•

The U field displays relatively smooth horizontal (x) displacement

distribution. This demonstrates that the underfill indeed reduces the thermal mismatch
between the die and the substrate hence protecting the solder bumps.
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•

The V field displays high density fringes in the solder bump-underfill

layer, which is the effect of the high CTE in this layer.
•

The right-bottom and left-bottom die corner areas have the highest

shear strain, which can be seen from the large displacement gradient along the
vertical (y) direction in the U field.
•

The most critical area appears to be fillet area near the bottom die

corner. In this region, the strains are close to zero, which indicates large thermal
stresses, because total strain obtained from moiré fringes is the sum of thermal strain
and stress-induced strain. The thermal mismatch and mechanical property mismatch
between these two materials usually produce singular stresses at the bimaterial apex
[4.3, 4.4].

(a) U field

(b) V field
Figure 4.36 Conventional moiré interferometry fringe patterns
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In the conventional U and V moiré images shown in Figure 4.36, only a few
fringes can be observed in a solder bump. Since the fringes appear to be fuzzy and
not well defined, it is difficult to extract accurate displacement data from these
images. The U and V field phase contour maps generated from the phase-shifting
moiré interferometer are shown in Figure 4.37. An outline of the interfaces obtained
from the optical micrograph picture is superimposed onto the phase contour. In
comparison, the phase contours shown in Figure 4.37, which are separated by a fringe
spacing of 208 nm, provide better defined displacement contours for the package. The
resolution can be further enhanced using phase contour maps, corresponding to
smaller phase separations. An example, corresponding to a fringe spacing of 52 nm,
is show in Figure 4.38. The images with a fringe spacing of 26 nm are not shown here
since the fringes are too dense to plot clearly.
The phase maps in Figure 4.37 were used by the moiré analysis software for
detailed and quantitative mapping of the displacement and strain distributions in the
flip-chip package.

To illustrate this capability, the displacement and strain

distributions are determined along 3 lines: the silicon-solder interface (Line A), the
centerline of solder bumps (Line B) and the centerline of the high density
interconnect (HDI) wiring layer above the BT substrate (Line C).
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(a) U field

(b) V field
Figure 4.37 Phase maps
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(a) U field

(b) V field
Figure 4.38 Displacement contour maps showing 52nm displacement per contour
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The displacements along these 3 lines are plotted in Figure 4.39. Judging
from these displacements, one can see that the package deformed primarily by
bending, as evidenced by the small u displacement in comparison to the v
displacement. The u displacements change sharply at the area that is not directly
under the die, where the high CTE underfill is no longer confined by the die. The v
displacement shows characteristics typical of bending deformation. The effect of the
solder balls is readily observed with its displacement slightly different from the
surrounding underfill.
The strain distributions are given in Figure 4.40. Fig.10 (a) gives the normal
strain (εx) distribution where the effect of the solder bumps is clearly seen. The
maximum strain εx from each solder bump is located at the center of the solder bump
which is under tension and εx is close to zero at the solder-underfill interface. The
underfill has an opposite normal strain εx with the solder bumps. The normal strain
(εy) distribution is given in Figure 4.40 (b). εy increases along both lines B and C at
the region which is not directly under the die. Recalling the strain derived from moiré
is the sum of thermal strain (in this case is negative) and mechanical strain, one may
expect a positive peeling stress in the bottom fillet area, which may cause
delamination. The shear strain (γxy) distribution is given in Figure 4.40 (c). The shear
strain reaches a maximum in the fillet near the bottom die corner along all three lines.
The variation of shear strain in the solder ball is readily observed. The overall strain
distribution correlates well with the displacement fringe pattern shown in Figure 4.38.
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Overall, the density of the fringe increases toward the right side of the solder ball,
away from the center neutral point. The maximum strains are located in the fillet near
the bottom die corner, which indicates this area is the most critical region in the
package.
4.3.3

Strains around Through-Hole Via

After a thermal cycling test, delamination between the die-underfill interface
directly above a plated through-hole (PTH) via was detected. Figure 4.41 shows an
optical microscope picture around three through-hole via regions. These three
through-hole vias are located at the center of the package, and marked as 1, 2 and 3.
A high resolution moiré analysis was performed in order to investigate the
strain distributions in this region. The regional phase maps are shown in Figure 4.42.
The deformation in the underfill above the through-hole vias is very different from
that in the underfill of other regions, which can be seen clearly from the V field. Due
to the effect of the via, the underfill above the PTH via has a higher normal strain εy
than other areas of underfill (this can be demonstrated later). This indicates a higher
thermal stress σy in the underfill above the PTH via when undergoing thermal
cycling. The higher thermal stress, σy, will transfer to the underfill-die interface
above the PTH via hence delamination could occur. The strain distributions were
plotted along four vertical lines (see Figure 4.43), as shown in Figure 4.44.
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Figure 4.39 (a) u and (b) v displacement along the 3 lines as shown
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Figure 4.40 Strain distributions along three lines as shown
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Figure 4.41 A microscope picture showing 3 through-hole vias
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(a) U field

(b) V field
Figure 4.42 Phase maps around through-hole vias
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Figure 4.44 Strain distribution along four vertical lines. The attached phase map has
rotated 90° relative to that shown in Figure 4.43
126

4.4

Summary

Moiré interferometry was employed to determine the magnitude and
distribution of solder ball strains in a cavity-up enhanced ball grid array (CueBGA)
package. This work is considered crucial for relating geometry and material
properties to the board-level reliability of the package, and to help guide future
development efforts of the package. Moiré results indicate that the solder ball stresses
were low and were adequately modeled using three-dimensional FEA. FEA was then
used to compare solder ball stresses of the CueBGA to a similar sized flip-chip
assembly with an underfill. The FEA revealed that the CUEBGA package had lower
maximum stresses and strains. Additionally, two different lamination adhesives with
different properties were modeled, which revealed that the softer material provided
even further reduction of solder balls stresses. The low solder joint stress results
reported here are consistent with excellent board assembly level reliability
performance measured independently for this same 12 mm CUEBGA package by a
leading telecommunications equipment manufacturer.
An on board flip-chip package supplied by Philips has been analyzed using
moiré interferometry. The deformation of a diagonal cross-section was measured
under a thermal load from 102oC to 22oC. The overall deflection of the package was
quantified by analyzing the Moiré fringe patterns. All BGA solder balls outside the
die project area undergo a relatively small deformation. In contrast, the BGA solder
balls under the die projection area show a large compressive stress in the vertical
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direction. The die/spreader interface and the die/substrate corner are critical with
high stress concentrations due to the CTE mismatch between the die and the substrate
and the overall bending of the package.
The high-resolution moiré interferometry was also used to investigate a
Motorola experimental flip-chip package with a high-density wiring substrate. The
results demonstrate that the phase-shift moiré interferometry is a powerful technique
for quantitative analysis of thermal deformation and strain distribution for highdensity electronic packages. The interferometer has the capability of mapping local
deformation to a resolution of 26nm as well as for direct determination of the strain
distribution at interfaces, in solder bumps and wiring structure. The experimental
results show that the die-fillet corner is the most critical region in the package.
Deformation in the vicinity of plated through-hole vias was also obtained. The
underfill above the through-hole via has a higher normal strain than the other region
of underfill that can explain the observed delamination between the underfill-die
interface above the through-hole via during thermal cycling.
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5 Thermal Stresses in Cu/low k Structures
5.1
5.1.1

Semi-Analytical Solution for Cu Line Stresses
Verification with Finite Element Analysis and X-Ray Measurement

In order to verify the semi-analytical model of the thermal stress for single
level Cu damascene line structures as showing in Figure 3.1, 3-D finite element
analyses and x-ray measurements were employed. An ANSYS program was used to
perform the finite element analysis and the modeling details can be found in
Reference [5.1]. The x-ray diffraction (XRD) method was used to measure thermal
stresses in Cu damascene line structures. Details of the method and stress analysis
can be found elsewhere [5.2-5.3].

The x-ray measurements were performed in-situ

for two thermal cycles to 400°C at a ramp rate of 2°C/min. The purpose of the first
thermal cycle is to eliminate any long-term stress relaxation effect, therefore, only
results from the second cycle are used. We compare these results with those from the
semi-analytical model and finite element analysis. The Cu lines have a very strong
<111> grain texture then we assume 100% <111>grains in Cu lines. The ILD
materials investigated are SiOF and SiLK with Ta as the barrier material. Material
properties used in our analytical model, FEA and x-ray measurement are listed in
Table 5.1.
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Table 5.1 Material properties of the related materials at 25°C
Material
Copper
Silicon
SiOF
SiLK
Ta

E (GPa)
C11, C12, C44
130.2
60.0
2.45
185.0

ν
0.28
0.16
0.35
0.34

α (ppm/°C)
17.0
2.3
5.0
66.0
6.5

A. Thermal stresses in Cu/SiOF structure

Thermal stresses in Cu lines for Cu/SiOF structure are compared in Figure 5.1.
The line thickness is 0.4µm and the Ta barrier thickness is 0.007µm. For convenience,
we compare the slopes of the stress-temperature plots instead of thermal stresses as a
function of temperature. This simplifies data analysis considerably, since all stress
components of Cu lines behave linear elastically with temperature.
As shown in Figure 5.1, the stresses along the x, y and z directions are in very
good agreement for the analytical solution, FEA and x-ray measurement. The Cu
lines in Cu/SiOF structures are confined by the very strong Si substrate, SiOF ILD
and passivation materials. The Cu lines behave almost elastically. In our analytical
model and finite element analysis, we assume linear elasticity for all materials. This
assumption is quite true for Cu/SiOF structures. The good agreement for the
analytical solution, FEA and x-ray measurement is expected and reasonable.
However, if the ILD material (such as most low k materials) is weak and soft, this
assumption does not hold any more as shown in next discussion for Cu/SiLK
structures.
130

B. Thermal Stresses in Cu/SiLK Structures

The thermal stresses in Cu lines for Cu/SiLK structure are shown in Figure
5.2. The structure dimension is the same as the dimensions for Cu/SiOF structures.
As shown in Figure 5.2, the stress slopes across the line (y-direction) and
normal to the line (z-direction), obtained from the semi-analytical solution, seem to
agree well with those obtained from FEA and x-ray measurement. However, the
stress slopes along the line (x-direction) differ significantly. This may be due to
linear elasticity assumption in the semi-analytical solution and finite element analysis.
Silk is a very soft and weak material. The line direction confinement for Cu lines
comes from the Si substrate that is very strong. However, the y and z direction are
mainly confined by the SiLK material for Cu lines. The y and z-direction
confinements are much weaker than the x-direction confinement for Cu lines due to
the much softer SiLK compared to the silicon material. The large difference among
the three direction confinements will cause Cu lines to behave plastically and the
stress level in Cu/SiLK structures will be much lower that that in Cu/SiOF structures.
The linear elasticity assumption in the semi-analytical solution and FEA will result in
much larger stress along the x-direction as shown in Figure 5.2. In order to capture
the plastic deformation in Cu/SiLK structures, the semi-analytical solution can be
further improved by including plastic properties for Cu and SiLK materials.
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(b) Line width=0.4µm, Line pitch=0.8µm
Figure 5.1 Thermal stress-temperature slopes obtained by analytical solution, FEA
and XRD for Cu/SiOF structure
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Figure 5.2 Thermal stress-temperature slopes obtained by analytical solution, FEA
and XRD for Cu/SiLK structures
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5.1.2

Scaling Effect

As the interconnect structures continue to shrink down, it is very important to
understand how the thermal stress level in Cu lines will change with decreasing line
dimensions. Figure 5.3 shows the thermal stresses in Cu lines as a function of the line
pitch for Cu/SiOF structures obtained from the semi-analytical solution. Here the line
thickness h is 0.4µm and the barrier layer thickness is 0.007µm. The line width is set
to be half of the line pitch for all of the structures.
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Figure 5.3 Thermal stresses for Cu line as a function of line pitch

Figure 5.3 indicates that the normal stress along line direction (x) decreases
slowly with decreasing the line pitch (or line width). However, the y-stress decreases
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much faster with decreasing line pitch. The z-stress doesn’t change much when the
line pitch decreases from 2µm to 0.4µm but increases rapidly after the line pitch
decreases below 0.4µm. The scaling effect obtained here is similar to that obtained by
x-ray measurement in Reference [5.2].
5.1.3

Barrier Thickness Effect

While the dimensions of Cu lines are continuing to scale down, the thickness
of barrier layers for Cu lines has to decrease as well. Even for the same dimension Cu
lines, different thickness barrier layers can be used during design. So the question is:
how will the stress state in the Cu lines change with changing the barrier layer
thickness?
The barrier thickness effect on the thermal stresses for Cu lines obtained from
the semi-analytical solution is shown in Figure 5.4. The Cu line width, pitch and
thickness are set to be 0.2µm, 0.4µm and 0.4µm, respectively. The barrier thickness
varies from 0.005µm to 0.05µm. As shown in Figure 5.4, the barrier thickness has
little effect on the normal stress along the line direction (x). Decreasing the barrier
thickness will decrease the z-stress and increase the y-stress simultaneously.
From Figure 5.4, it shows that changing the barrier thickness will change the
material volume fractions for the interconnect structures, definitely affecting the y
and z stresses for Cu lines. The barrier thickness will also affect the deformation
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interaction between ILD and Cu lines. The barrier thickness effect will become more
significant as the line dimensions scaling down.
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Figure 5.4 Thermal stresses for Cu line with as a function of barrier thickness
5.1.4

Aspect Ratio Effect

Figure 5.5 shows the aspect ratio effect on the thermal stresses for Cu lines in
Cu/SiOF structures obtained from the semi-analytical solution. The Cu line width,
pitch and barrier thickness are set to be 0.2µm, 0.4µm and 0.007µm, respectively.
The line thickness varies from 0.1µm (corresponding an aspect ratio of 0.5) to 1.0µm
(corresponding to an aspect ratio of 5.0). As shown in Figure 5.5, increasing the
aspect ratio will decrease the stress level in Cu lines for Cu/SiOF structures,
especially for the y direction stress. However, further increasing the aspect ratio will
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bring little change to the stress level in Cu lines when the aspect ratio is larger than 2.
The Cu line stresses become stable when the aspect ratio reaches about 3.
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Figure 5.5 Thermal stresses for Cu line as a function of line thickness

5.2

Barrier Thickness Effect on Thermal Stress for Cu Line Structures [5.4]

A 3-D FEA model was developed to study thermal stresses in Cu line
structures as shown in Figure 3.1. Simulation details and many results have been
published in Reference [5.1-5.2]. Here this 3-D FEA model was improved further to
investigate the barrier thickness effect for Cu/TEOS and Cu/SiLK damascene
structures.

The copper line width and pitch were fixed at 0.25µm and 0.5µm,

respectively while the barrier thickness varies from 0.005µm to 0.08µm. The thermal
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loading is from 400oC to 40oC. Some material properties used in the simulation are
listed in Table 5.2.

Table 5.2 Material properties used in FEA of the barrier thickness effect
Copper

Ta

TEOS

SILK

CTE(10-6/oC)

17

6.5

1.4

66

Young’s modulus(GPa)

orthotropic

185

72

2.0

0.34

0.2

0.35

Poisson ration

5.2.1

Cu/TEOS Structures

Results on the effect of barrier thickness on thermal stresses in Cu lines with
TEOS interlevel dielectric are shown in Figure 5.6. The barrier thickness seems to
have little effect on the stress along the line direction (x) because the confinement for
copper lines in this direction is dominated by thermal mismatch between the copper
lines and the silicon substrate. Along the transverse y and the normal z directions, the
barrier thickness effects are larger and have opposite trends. The effect is highest
along the z direction where the tensile stress increases with increasing barrier
thickness. The diffusion barrier (Ta or TaN) has a lower CTE and higher Young’s
modulus than copper. Upon cooling from 400°C to room temperature, the diffusion
barrier impedes the shrinkage of the copper interconnects, contributing additional
tensile stresses in the copper line. This effect increases with a thicker diffusion
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barrier. With opposite effects on the y and z stresses, the hydrostatic stress of the Cu
line remains relatively constant.
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Figure 5.6 Effect of diffusion barrier thickness on thermal stresses in copper lines
(Cu/TEOS)

Next, the effect of barrier thickness on the thermal stress of the barrier itself is
analyzed. For the side barrier layer, the overall trend is similar to that for the stresses
in the copper lines, as shown in Figure 5.7. In contrast to the Cu line, the normal (z)
stress in the side barrier is compressive and decreases toward zero with increasing
barrier thickness. Along the z direction, the thermal mismatch between the barrier
layer and TEOS is opposite in sign to that between the barrier and Cu. This gives rise
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to opposite confinement effects and the compressive stress indicates that the
confinement by the Cu line is larger for the barrier layer. The hydrostatic stress in the
side barrier is almost zero, indicating that the overall stress state is mainly shear in
character.
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Figure 5.7 Effect of diffusion barrier thickness on the stresses in the side barrier layer
(Cu/TEOS)

Results on the effect of barrier thickness on thermal stresses in the bottom
barrier are shown in Figure 5.8. The effect along the line direction is similar to that
of the side barrier layer, except that the roles of the transverse and normal directions
140

are reversed, as expected. Similar to that of the side barrier, the overall stress state is
dominated by shear with almost zero hydrostatic stress.
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Figure 5.8 Effect of diffusion barrier thickness on the stresses in the bottom barrier
layer (Cu/TEOS)

5.2.2

Cu/SiLK Structures

Results of the effect of barrier thickness on thermal stresses in copper lines in
Cu/SiLK structure are shown in Figure 5.9. While the overall trend is similar to that
of the Cu/TEOS structure, the stress levels are considerably lower. This can be
attributed to the very low elastic modulus of SiLK, providing a weak confinement
effect for Cu. The effect is particularly clear for the normal z stress as expected,
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where the confinement effect comes mainly from the barrier, resulting in a decrease
in stress level by almost 2/3. The hydrostatic stress is also lower for the Cu/SiLK
structure.
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Figure 5.9 Effect of diffusion barrier thickness on the stresses in copper lines
(Cu/SiLK)

Results on the barrier thickness effect on the stresses of the side barrier are
shown in Figure 5.10. While the overall trend is similar to that of the Cu/TEOS, the
magnitudes of the stress components are quite different, particularly along the x- and
z- directions. In comparison, the stress level along the x-direction is reduced and
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becomes negative as the barrier becomes thinner than 40nm. In contrast, the stress
along the normal direction increases significantly, by a factor of about 3x. This can be
attributed to the fact that both SiLK and Cu have a higher CTE than the barrier. Their
confinement effects are of the same sign, adding to the stress in the z direction.
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Figure 5.10 Effect of diffusion barrier thickness on the stresses in the side barrier
layer (Cu/SiLK)

Figure 5.11 shows the stresses in the bottom barrier layer, which are quite
different from those in the side barrier layer. Compared with the side barrier layer,
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the roles of the transverse and normal stresses are reverse. Both are compressive,
lower and decrease with increasing barrier thickness.
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Figure 5.11 Effect of diffusion barrier thickness on the stresses in the bottom barrier
layer (Cu/SiLK)

5.2.3

Stress Distributions in the Barrier Layer

The stress distributions in the barrier layer have been examined along Line A
and B in the bottom and the side barriers as shown in Figure 5.12. The barrier
thickness is 0.005µm.
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Figure 5.12 Positions of Line A and B

Results of stress distributions along Line A in the bottom barrier are shown in
Figure 5.13. Overall, the distribution is relatively constant, except, near the corner of
the Cu line. This indicates a complex stress state approaching the corner of the Cu
line.

Interestingly, the overall stress near the corner is nearly hydrostatic for

Cu/TEOS structure, but becomes shear in character for Cu/SiLK structures.
Results along Line B in the side barrier are shown in Figure 5.14. Along the
side barrier, the stress distribution remains relatively constant. The stress levels of
the Cu/SiLK structure are generally higher than that of the Cu/TEOS structure,
particularly along the normal direction.

This can be attributed to the different

confinement of SiLK vs. TEOS, as discussed previously.
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Figure 5.13 Stress distributions along Line A in the bottom barrier
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Figure 5.14 Stress distributions along Line B in the side barrier
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5.3

Residual Stress in Cu Interconnects Induced from Wafer Processing

This section will report the simulation results for residual stress in Cu
interconnects induced by wafer processing. Wafer processing procedures for Cu
single damascene structures were first simulated and verified with stress results from
x-ray measurements. After the FEA model was verified, a Cu dual damascene
structure was studied in more detail.
5.3.1

Wafer Processing Simulation for Cu Single Damascene Structures
A. Sample details

The Cu single damascene structure investigated in this study is illustrated in
Figure 5.15.

Structures with two line widths: 0.4µm (pitch=0.8µm) and 0.2µm

(pitch=0.4µm) were investigated. Structures with two ILD materials: SiOF and SiLK,
were investigated. The Cu lines were assumed to have 100% <111> grains. Some
material properties are shown in Table 5.3.

Table 5.3 Material properties for Cu single damascene structure
Materials

Si

Cu

Ta

SiOF

SiLK

E (GPa)

162.7

[D]111

185

71.6

3.43

v

0.28

0.34

0.16

0.35

CTE(x10-6)

3.5

6.5

0.94

66

17.0
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Figure 5.15 Schematic for Cu single damascene structure

The FEA model is shown in Figure 5.16. It is a periodic structure with a half
pitch unit cell, in order to save computational time. Detailed boundary conditions are
also shown in Figure 5.16. The x-axis is along the line direction and y-axis crosses
the line direction. The z-axis is normal to the chip surface. Symmetric boundary
conditions are set for the –x and –y surface. Since the substrate thickness is much
larger than that of the interconnect structure, the deformation in the x-y plane of the
interconnect structure is confined by the substrate. The displacement of +x and +y
surface are set to be that of the silicon substrate. At the bottom of the silicon
substrate, the z-displacement is set to zero. The plasticity of Cu is also considered in
the FEA model.
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Figure 5.16 FEA model for Cu single damascene structure
B. Simplified wafer processing procedure

Although the above structure is very simple, the wafer processing procedure is
still very complicated. It is impossible and maybe not meaningful to simulate all of
the wafer processing steps to obtain the residual stress in Cu lines. A simplified wafer
processing procedure that can represent the major steps of the wafer processing is
used in the simulation, as shown in Figure 5.17. During the annealing process, before
passivation layers are deposited, thermal stresses in Cu lines are assumed to be
completely released to zero. Of course this assumption depends on the annealing time
of the structure. In real applications, the stress in the Cu lines is very close to zero
after a certain time of annealing, making the assumption reasonable.
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Dep. Cu, 25oC

Anneal, 200oC

Dep. PASS

Heat to 450oC

Dep. Si3N4

Run two thermal cycles:
25oC→400oC→25oC

Figure 5.17 Simplified wafer processing procedure for Cu single damascene structure
C. Verification with x-ray measurement

Thermal

stresses

in

Cu

lines

during

the

last

thermal

cycling

(25ºC→400ºC→25ºC) as shown in Figure 5.17 were obtained and are compared with
x-ray measurement results. Figure 5.18 and 5.19 show the results for Cu/SiOF and
Cu/SiLK structures, respectively. The simulation results agree with the x-ray
measurement very well for both Cu/SiOF and Cu/SiLK structures. The stress level in
Cu lines is much higher for Cu/SiOF structures than that in Cu/SiLK structures. This
is expected because the SiOF is a much stronger material than SiLK hence it has
much stronger confinement for Cu lines. The stress level doesn’t change much with
changing the line width from 0.2µm to 0.4µm.
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Figure 5.18 Thermal stresses in Cu lines obtained from FEA and x-ray measurement
for Cu/SiOF structure
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Figure 5.18 Thermal stresses in Cu lines obtained from FEA and x-ray measurement
for Cu/SiOF structure
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Figure 5.19 Thermal stresses in Cu lines obtained from FEA and x-ray measurement
for Cu/SiLK structure
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Figure 5.19 Thermal stresses in Cu lines obtained from FEA and x-ray measurement
for Cu/SiLK structure
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5.3.2

Wafer Processing Simulation for Cu Dual Damascene Structure
A. FEA model details

After the simulation approach was verified with x-ray measurements for Cu
single damascene structures, it was applied to investigate the residual stress for Cu
dual damascene structures. The FEA model for Cu dual damascene structures
investigated in this study is illustrated in Figure 5.20.
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x

y-periodic boundary
condition at back
surface
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ILD
x-periodic
boundary

condition at
right surface.

Via

BPSG

x-symmetry
boundary

condition at
left surface.

Metal 1

y-symmetry

boundary condition
at front surface.

Figure 5.20 FEA model for Cu dual damascene structure

156

The structure was assumed to be periodic in both x- and y- directions. Only a
half pitch unit cell was modeled in order to save computational time. As shown in
Figure 5.20, symmetric boundary conditions were applied to the –x and –y surface
and periodic boundary condition was applied to +x and +y surfaces. The zdisplacement at the bottom of the silicon substrate was set to zero.
The metal line details are shown in Figure 5.21 with dimensions shown in
Table 5.4. The Cu line pitch was set to be 1.5 times of Metal 2 line width. Material
properties can be found in Table 5.3. Time-independent plasticity and temperaturedependent Young’s modulus and yielding stress were considered for Cu. Again, the
Cu lines were assumed to have 100% <111> grains.

M2

Via
Barrier layer (blue)

M1

Figure 5.21 Details of metal lines and via
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Table 5.4 Metal line dimensions for Cu dual damascene structure
Dimensions

Length(µm)

Width(µm)

Thickness(µm)

Metal 1

5.0

0.4

0.2

Metal 2

5.0

0.5

0.6

Via

Via diameter=0.3µm

0.445

B. Simplified wafer processing procedure

With the similar discussion for Cu single damascene structures, a simplified
wafer processing procedure was used in the simulation of Cu dual damascene
structures, as shown in Figure 5.22. Again, thermal stresses in Cu lines were assumed
to be completely released during an annealing process before the deposition of
passivation layers.

WCMP, 25oC

Dep. M1, 25oC

Dep. ILD

Anneal, 200oC
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Alloy Temp, 1h, 450oC

Cool to 25oC

Heat to 400oC

Possible further thermal cycling

Cool to 25oC

Figure 5.22 Simplified wafer processing procedure for Cu dual damascene structure
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C. Residual stress in Cu line and via

The Cu/TEOS wafer structure is investigated here. Residual stress
distributions in Metal 1, Metal 2 and Via at the end of the last wafer processing step
(cool to 25oC) are shown in Figures 5.23-5.26. After wafer processing, Metal 1 has a
residual stress σx (along the metal line direction) over 700MPa as shown in Figure
5.23 and a residual stress σy (cross the metal line direction) over 500MPa as shown in
Figure 5.24. Comparing the in-plane stress levels of Metal 1 and Metal 2, we see that
the Metal 1 has a considerable higher stress level than Metal 2 (20% higher for σx and
36% higher for σy) as expected. Metal1 is almost completely confined by the silicon
substrate in the x-y plane leading to a higher in plane stress level in Metal 1.
As shown in Figure 5.25, the Cu via has a very large tensile stress, σz,
compared with Metal 1 and Metal 2. This large tensile stress, σz, is due to the severe
z-direction thermal mismatch between via materials and the ILD material (TEOS)
(CTE is about 17ppm for Cu and about 1.4ppm for TEOS). The von Mises equivalent
stress distribution is shown in Figure 5.26. Von Mises equivalent stress in the via is
much higher than in Metal 1 and 2, indicating that the via is a very critical region.
Residual stress induced from wafer processing procedures can bring significant
reliability problems for the via. As being discussed in detail later, the large tensile
stress σz may cause a severe stress-induced voiding problem near the via bottom even
critical interfacial delamination along the bottom via/barrier interface.
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Figure 5.23 Residual stress σx in Cu line and via

Figure 5.24 Residual stress σy in Cu line and via
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Figure 5.25 Residual stress σz in Cu line and via

Figure 5.26 Residual von Mises stress in Cu line and via
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D. Residual stress induced voiding in Cu via

Voiding at a via bottom region is a common problem for Cu metallization.
The stress induced voiding has been investigated in Reference [5.5]. The basic stress
voiding mechanism is that stress gradient will drive vacancies to accumulate at low
hydrostatic stress regions. During wafer processing, large residual stress can be
introduced in the via region as reported in the last section. This large residual stress
can cause voiding problems near the via bottom as shown in Figure 5.27.

Void at via bottom

Figure 5.27 Residual stress induced voiding at the via bottom region after wafer
processing
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Hydrostatic stress is known to be directly related to the stress-induced voiding
problem. Maximum voiding rate occurs at about 190oC from TI interconnect
reliability work, see Reference [5.5]. Figure 5.28 shows the residual hydrostatic
stress for the Cu/TEOS dual damascene structure at about 190oC cooling from 400oC,
after wafer processing. From the residual hydrostatic stress distribution in the
structure, one mechanism for stress induced voiding near the via bottom can be
proposed as the following.
1.

As shown in figure 5.28, there is a minimum hydrostatic stress region
directly underneath the via bottom. Then vacancies in Metal 1 will be
driven to this location by the stress gradient in Metal1 (marked as 1 in
Figure 5.28).

2.

Once a void is formed underneath the via bottom, it will release the
tensile stress σz at the via bottom which will decrease the hydrostatic
stress inside the bottom via. A local minimum hydrostatic stress region
will form at the via bottom (marked as 2 in Figure 5.28).

3.

After the local minimum hydrostatic stress region forms at the via
bottom, vacancies in the top via region and Metal 2 will be driven to
the via bottom. Hence voiding will occur at the via bottom (marked as
3 in Figure 5.28).
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Figure 5.28 Hydrostatic stress distribution at 193.75oC

As mentioned before, a large tensile stress σz can be generated during wafer
processing (see Figure 5.29). This large tensile stress can introduce another possible
mechanism for voiding at the via bottom. This mechanism can be understood by the
following:
1.

During wafer processing, the via can have a very large tensile stress σz
when the structure is cooling down to room temperature (marked as 1
in Figure 5.29).

2.

This large tensile stress σz can cause a delamination along the bottom
via/barrier interface. This delamination will release the tensile stress σz
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at the bottom via region and a local minimum hydrostatic stress region
will form near the delaminated interface in the via (marked as 2 in
Figure 5.29).
3.

After the local minimum hydrostatic stress region forms at the via
bottom, near the delaminated interface, vacancies in top via region and
Metal 2 will be driven to the via bottom at later-relatively high
temperatures. Then voiding will occur at the via bottom (marked as 3
in Figure 5.29)

3

1

2

Figure 5.29 Residual stress σz distribution at 25oC
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5.3.3

Parametric Study for Cu Dual Damascene Structures

The simulation results reported in the above section show that large residual
stresses can be induced in wafer level interconnect structures during wafer
processing. Since the residual stress level is directly related with the reliability of the
interconnect structure, it would be very interesting to see how the residual stress can
be reduced by changing the structure design and optimize the wafer processing
procedure. This section will examine two simple cases for the Cu dual damascene
structure studied in 5.3.2. One will examine the effect of Metal 2 width changes on
the residual stress in the Cu lines and via. Another will examine the effect of alloy
temperature, one step in wafer processing, on the residual stress in the Cu lines and
via.
A. Metal 2 width effect

The Cu dual damascene structures investigated here are almost the same as
that in 5.3.2 but three different Metal 2 widths are used: 0.5µm, 1.0µm and 2.0µm.
All the other dimensions are fixed (see Table 5.4 for metal line dimensions). The
Metal 2 width effect on average residual stresses of Metal 1, via and Metal 2 at the
end of the last wafer processing step (cool to 25oC) are reported.
Figure 5.30 shows the regions in Metal 1, Metal 2 and via for their average
stress calculations. Stress components examined are σx, σy, σz, von Mises equivalent
stress, and hydrostatic stress.
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Region for M2 average
stress calculation.

M2
via
M1

Region for via average
stress calculation.

Region for M1 average
stress calculation.

Figure 5.30 Regions in Metal 1, Metal 2 and via for average stress calculation

Figure 5.31 shows the Metal 2 width effect on average residual stresses in
Metal 1. As seen from Figure 5.31, increasing Metal 2 width increases the x-,z- and
hydrostatic stress, but decreases the y- and Von Mises equivalent stress in Metal 1.
The Metal 2 width effect on average residual stresses in Metal 2 is shown in
Figure 5.32. Increasing Metal 2 width increases the y-stress and decreases the z-stress
significantly. Metal 2 behaves more like a film with increasing Metal 2 width.
Comparing Figures 5.31 and 5.32, one can see that Stress level in Metal 2 is lower
than in Metal 1.
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Figure 5.31 Metal 2 width effect on average stresses in Metal 1
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Figure 5.32 Metal 2 width effect on average stresses in Metal 2
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The Metal 2 width effect on average residual stresses in the via is shown in
Figure 5.33. Increasing Metal 2 width increases the tensile z-stress σz in the via. This
can cause a delamination problem at the via bottom/barrier interface followed by a
stress-induced voiding at via bottom region.
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Figure 5.33 Metal 2 width effect on average stresses in via

B. Alloy temperature effect

During wafer processing, there is a thermal treating step at an alloy
temperature after the passivation layers are deposited, as shown in Figure 5.22. The
alloy temperature can affect the residual stress in the interconnect structure after
wafer processing. Figure 5.34 shows the thermal process steps after the alloy
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temperature step during wafer processing. Here, the alloy temperature effect on the
residual stress of Cu lines and via is examined. Residual stresses with two different
alloy temperatures, 407oC and 450oC, will be compared.

Temperature

A: Alloy Temp
D: 400oC

Previous wafer
processing steps
B: 196oC

C: Room Temp

E: 194oC

F: Room Temp

Thermal Process Step
Figure 5.34 Thermal process steps after alloy temperature treating

The hydrostatic stresses in Metal 1, Metal 2 and the via at the alloy
temperature (Point A in figure 5.34) are shown in Figure 5.35. As shown in this
figure, thermal stress at alloy temperature 450oC is higher than that at alloy
temperature 407oC. The maximum hydrostatic stress is –271MPa for 450oC and 215MPa for 407oC.
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(a) Alloy temperature = 407oC

(b) Alloy temperature = 450oC
Figure 5.35 Hydrostatic stress at alloy temperature (Point A in Figure 5.34)
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The hydrostatic stress in Metal 1, Metal 2 and via at 196oC (Point B in Figure
5.33) is shown in Figure 5.36. From Figure 5.36 one can see that the hydrostatic
stress becomes tensile at Point B (~196oC), when cooling from the alloy temperature.
The hydrostatic stress gradient is larger when cooling from 450oC than cooling from
407oC. This indicates that higher alloy temp will bring higher stress induced voiding
rate during cooling procedure.
The hydrostatic stress in Metal 1, Metal 2 and the via at 400oC (Point D in
Figure 5.33) is shown in Figure 5.37. It shows that there is almost no difference
between residual stresses for different alloy temperatures.
The hydrostatic stress in Metal 1, Metal 2 and via at 194oC (Point E in Figure
5.33) is shown in Figure 5.38. It shows that there is almost no difference between
residual stresses for different alloy temperatures similar to Point D.
From Figures 5.37 and 5.38, it shows that after cooling to the room
temperature from the alloy temperature, thermal stress becomes the same for different
alloy temperatures during further thermal cycles. However, as indicated in Figures
5.35 and 5.36, higher alloy temperature will introduce higher compressive thermal
stress for Cu lines and vias at alloy temperature and bring higher stress gradients
during cooling from alloy temperature leading to possibly higher stress induced
voiding rates.
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(a) Alloy temperature = 407oC

(b) Alloy temperature = 450oC
Figure 5.36 Hydrostatic stress at 196oC (Point B in Figure 5.34)
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(a) Alloy temperature = 407oC

(b) Alloy temperature = 450oC
Figure 5.37 Hydrostatic stress at 400oC (Point D in Figure 5.34)
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(a) Alloy temperature = 407oC

(b) Alloy temperature = 450oC
Figure 5.38 Hydrostatic stress at 194oC (Point E in Figure 5.34)
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Since the alloy temperature will affect the thermal stress of the Cu
interconnect structure at the alloy temperature and during cooling from the alloy
temperature, detailed thermal stresses of Metal 1, Metal 2 and the via at the alloy
temperature and 196oC cooling from the alloy temperature were examined.
First, the thermal stress at the alloy temperature (Point A in Figure 5.34) was
examined in detail. The average stresses of the Metal 1, Metal 2 and the via (see
Figure 5.30 for the definition of the average stress) at the alloy temperature are shown
in Figures 5.39, 5.40 and 5.41, respectively. The thermal stress at alloy temperature
450oC is about 34%, 54% and 46% higher than that at alloy temperature 407oC for the
Metal 1, Metal 2 and the via, respectively.
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Figure 5.39 Average thermal stress of Metal 1 at alloy temperature
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Figure 5.40 Average thermal stress of Metal 2 at alloy temperature
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Figure 5.41 Average thermal stress of via at alloy temperature
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Secondly, the thermal stress at 196oC, cooling from the alloy temperature
(Point B in Figure 5.34), was examined in detail. The average stresses of the Metal 1,
Metal 2 and the via (see Figure 5.30 for the definition of the average stress) at 196oC
are shown in Figures 5.42, 5.43 and 5.44, respectively. As shown in Figures 5.425.44, the thermal stress at 196oC cooling from alloy temperature 450oC is only a little
bit larger than that cooling from alloy temperature 407oC for the Metal 1, Metal 2 and
the via.
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Figure 5.42 Average thermal stress of Metal 1 at 196oC cooling from alloy
temperature
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Figure 5.43 Average thermal stress of Metal 2 at 196oC cooling from alloy
temperature
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Figure 5.44 Average thermal stress of via at 196oC cooling from alloy temperature
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5.4

Summary

In this chapter, a semi-analytical solution based on a linear elasticity
assumption developed in Chapter 3 was applied to study thermal stresses in Cu line
structures. Analytical results were compared with those obtained from finite element
analyses and x-ray measurements. This analytical solution can give very accurate
predictions for Cu line stresses if the ILD materials are relative strong such as TEOS
and SiOF. For a soft ILD material like SiLK, the analytical prediction for the line
direction stress is much higher than the experimental data. The prediction for other
two direction (y and z) stresses is still in reasonable agreement with the experimental
data. The disagreement for the line direction stress can be due to plastic deformation.
Further improvement for the semi-analytical solution can be made by including the
material plasticity properties. The scaling, barrier thickness and aspect ratio effects on
Cu line stresses were investigated by employing the semi-analytical solution for
Cu/SiOF structures. Decreasing the line pitch will decrease the stresses along line (x)
and transverse (y) directions, and increase the normal (z) direction stress. Decreasing
barrier thickness will increase the y direction stress and decrease the z direction stress
but has little change for the line direction stress. Increasing the aspect ratio will
decrease the stress level in Cu lines. The stress level in Cu lines becomes stable after
the aspect ratio is larger than 3.
A 3D FEA model was used to investigate the barrier thickness effect on
thermal stresses in Cu damascene structures. The stress characteristics of the Cu
181

structure depend on the thermal mismatch and confinement of Cu with the Si
substrate and the surrounding barrier and dielectric material. For the Cu/TEOS
structure, increasing the barrier thickness will increase the normal (z) stress and
decrease the transverse (y) stress in the copper lines, but does not much affect the
longitude (x) stress.

The barrier thickness dependence for the longitude and

transverse stresses in the side barrier layer is similar to that for the stresses in the
copper lines. The normal (z) stress decreases with increasing barrier thickness. In the
bottom barrier layer, the longitudinal and normal stresses increase and the transverse
stress decreases with increasing the barrier layer thickness. For the Cu/SiLK
structure, the confinement due to SiLK is small compared with TEOS, so the barrier
plays an important role in determining the stress state, particularly in the normal z
direction. Increasing barrier thickness will increase the normal (z) stress and the
longitude (x) stress in the copper lines although the transverse (y) stress remains
almost constant. In the side and the bottom barrier layers, the normal (z) stress is
compressive and considerably higher than in the Cu/TEOS structure. Increasing the
barrier thickness will decrease the compressive normal (z) stress and increase the
longitude (x) stress in the barrier layer although the transverse (y) stress in the barrier
remains almost constant.
A wafer processing simulation approach developed in Chapter 2 was applied
to investigate the residual stress of Cu damascene structures. For Cu single
damascene structure, simulation results agree with x-ray measurements results very
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well. After this FEA approach was verified with x-ray measurements for Cu single
damascene structures, it was used to analyze residual stresses for Cu dual damascene
structures in detail. Simulation results showed that Metal 1 has higher residual
stresses than Metal 2 and the via has a very high tensile stress σz. Based on the
simulation results, two possible mechanisms for voiding at via bottom during wafer
processing were proposed. Two parametric studies were carried out to investigate the
residual stress of Cu line and via, which are the Metal 2 width effect and the alloy
temperature effect. Increasing Metal 2 width will increase the tensile stress σz in the
via making delamination of bottom via/barrier interface more possible. A higher alloy
temperature will introduce higher compressive thermal stresses for Cu line and via at
alloy temperature and bring higher stress gradients during cooling from the alloy
temperature leading to a possibly higher stress induced voiding rate.
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6 Chip Packaging Interaction (CPI)
6.1

Interfacial Delamination in Cu/low k Interconnects

Chip-packaging interaction has not been a serious problem for chips with SiO2
interconnects. Unfortunately, this problem has become a major concern for packaging
assembly of Cu/low k chips. In a flip-chip package, the thermal deformation of the
package can be directly coupled into the Cu/low k interconnect structure. This
induces a large local deformation that drives interfacial crack formation. For standalone wafer structures, FEA is commonly used to study thermal stresses in multilevel
interconnect structures. Applying FEA to evaluate the packaging effect on thermal
deformation of the interconnect structure is difficult because of the large difference in
the dimension of the packaging and interconnect structures.

For this reason,

researchers from Motorola first introduced a multilevel sub-modeling technique to
evaluate the energy release rate for interfaces in the interconnect structure after being
assembled into a flip-chip package [6.1-6.2]. This technique bridged the gap between
the packaging and wafer levels.

Energy release rates for various interconnect

interfaces during packaging assembly were calculated using 2D FEA models.
However, a flip-chip package is a complicated 3D structure that cannot be properly
represented using a 2D model. Therefore, we developed a 3D FEA based on a 4-level
sub-modeling technique to investigate the packaging effect on interconnect reliability,
particularly focusing on the Cu/low k chips in comparison to Al and Cu/oxide chips.
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6.1.1

Details of Multilevel Sub-modeling
Level 1: Starting from the package level, thermal deformation for a whole

flip-chip package was investigated first using 3D FEA. At this package level, a
quarter section of the package was modeled using the symmetry shown in Figure 6.1.
No interconnect structure detail was considered at this time because its thickness is
too small compared with the whole package.

Simulation results for this whole

package level model were verified with experimental results obtained from moiré
interferometry.

Die
Underfill
PCB

PCB

Die

Figure 6.1 Package level model
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Level 2: From the simulation results for the package level modeling, the most

critical solder bump was identified. A sub-model of the package level model (Level
1) focusing on the critical solder bump region with much finer meshes was developed
as shown in Figure 6.2. The built-in cut boundary technique in ANSYS [6.3] was
used for sub-modeling. At this sub-model level, a uniform ILD layer at the die surface
was considered but a detailed structure was not yet considered in this sub-model.

Die

Critical solder bump
Underfill
PCB

With underfill shown

Without underfill shown

Figure 6.2 Critical solder region model

Level 3: Based on the Level 2 modeling results, a large peeling stress was

found at the die-solder interface. At the critical die-solder interface region with the
186

highest peeling stress, a sub-model based on a Level 2 model was created using the
cut boundary technique, as shown in Figure 6.3. This sub-model focused on the diesolder interface region (a small region of Level 2) containing a portion of the die, the
ILD layer and a portion of the solder bump. Still only a uniform ILD layer at the die
surface was considered at this level and no detailed interconnect structure was
included.

Die(Si)
BPSG
ILD
PASS

Solder pad

Figure 6.3 Die-solder interface level model

Level 4: This sub-model zoomed in further from the Level 3 model focusing

on the die-solder interface region as shown in Figure 6.4. Finally a detailed
interconnect structure was included. Ten lines were found to be sufficient to
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approximate the interconnect structure. The sub-model was set up accordingly and at
the center line a crack with a fixed length was introduced along several interfaces of
interest. Energy release rate and mode mixity for each crack were determined using a
modified virtual crack closure technique as discussed in the next section.

Si
BPSG
Metal 1
ILD
PASS
Solder pad
Metal line
Metal 2
Figure 6.4 Detailed wafer level interconnect structure model
6.1.2

FEA Verification with Moiré Interferometry

The FEA result for the package level modeling was first compared with moiré
experimental results. Since the thermal load used in the moiré measurement was from
102oC to 22oC, we applied the same thermal load (102oC to 22oC) in the package
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level modeling in order to compare the moiré and FEA results. Detailed moiré results
can be found in Reference [6.4]. Figure 6.5 shows the z-displacement corresponding
to the package warpage distribution along the die center line. The FEA and moiré
results are in good agreement.

Displacement (um)

0
-1
-2
Moire result

-3

FEA result

-4
-5
-6
0

0.5

1
1.5
2
2.5
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Distance from neutral point (mm)
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4

Figure 6.5 Comparison of FEA and Moiré results
6.1.3

Investigated Interfaces in Cu Dual Damascene Structures

After verification with moiré interferometry, FEA was applied to investigate
stand-alone wafer structures as well as the packaging effect. Both Al and Cu
interconnect structure with TEOS and SilK as ILD were investigated. Cracks with a
fixed length were introduced at six interfaces to evaluate the crack driving forces as
shown in Figure 6.6. Those 4 horizontal and 2 vertical interfaces were chosen since
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they are probably most susceptible to delamination during packaging assembly.
Typical material properties used in the simulation are listed in Table 6.1. For standalone wafer structures, thermal loading is set from wafer process temperature (400oC)
to room temperature (25oC). When considering the packaging effect, thermal loading
was set from –55oC to 125oC. Finally, the die attach step before underfilling in flipchip packaging process was investigated. The results for Cu/SiLK and Cu/BD (Black
Diamond) structures will be compared.

Table 6.1 Mechanical Properties
Material

E (GPa)

ν

α (ppm/°C)

Al

72

0.36

24.0

Cu

122

0.35

17.0

TEOS

66

0.18

0.57

SiLK

2.45

0.35

66.0

BD

7.00

0.35

18.0
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Figure 6.6 Cracking along interested interfaces
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6.2
6.2.1

Stand-alone vs. Packaged Wafer Structures
Crack Driving Force for Stand-alone Wafer Structures

Figure 6.7 shows the energy release rates for cracking along the 6 interfaces
illustrated in Figure 6.6. For Al/TEOS and Cu/TEOS structures, the energy release
rates are very small, less than 1J/m2, for all of the interfaces. The Cu/SiLK structure
has much higher energy release rates, reaching 1.16J/m2 along SiLK/barrier and
Cu/barrier interfaces. The mode mixities for interfaces in Cu/SiLK structure are also
shown in Table 6.2. In the Cu/SiLK structure, crack 2 along the SiLK/barrier side
wall and crack 3 along the barrier/Cu interfaces have high energy release rates
exceeding 1 J/m2. The fracture mode for these two cracks becomes almost pure mode
I. These two interfaces can be the most critical ones during wafer processing.
However, compared with critical energy release rates for low k interfaces obtained
from experiments (larger than 4-5 J/m2), these values are considerably lower. Hence
critical crack formation in Cu/low k interconnect structures during wafer processing
is not expected to be a serious problem. The result does not rule out the possibility of
delamination due to sub-critical crack growth.
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1.2
Al/TEOS Structure
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Figure 6.7 Energy release rates for stand-alone wafer structures (from 400oC to 25oC)

Table 6.2 Mode Mixity for Stand-alone Cu/Silk Structures
Crack 1

Crack 2

Crack 3

Crack 4

Crack 5

Crack 6

GI/G

0.80

0.99

0.98

0.07

0.92

0.99

GII/G

0.20

0.00

0.01

0.84

0.06

0.01

GIII/G

0.00

0.01

0.01

0.09

0.02

0.00

G(J/m2)

0.2908

1.1556

1.0476

0.1718

0.3022

0.2811
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6.2.2

Crack Driving Force for Packaged Wafer Structures

The 4-step multilevel sub-modeling was conducted to calculate the energy
release rate for interconnect level cracking in order to evaluate the packaging effect.
We assumed a stress-free state at -55°C for the whole package and the crack driving
force was obtained at 125oC. Figure 6.8 gives the energy release rates for the 6
interfaces as described in Figure 6.6 in the Al/TEOS, Cu/TEOS and Cu/SiLK
interconnect structures. The results show that the packaging effect on the energy
release rate is generally very low for Al/TEOS and Cu/TEOS structures hence the
impact of packaging on interconnect reliabilities can be ignored for the oxide
interconnect structures.
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Figure 6.8 Energy release rates when considering packaging effect (-55oC to 125oC)
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The results shown in Figure 6.8 indicate a significant packaging effect for the
Cu/SiLK structure. The interfacial crack driving force can be as high as 16J/m2.
Interfacial delamination can be a serious reliability problem for Cu/SiLK structures.
From Figure 6.8 we see that interfaces parallel to the die surface (Crack 1, 4, 5 and 6)
are more prone to delamination due to the packaging effect while vertical interfaces 2
and 3 show little effect. The mode mixities driving interfacial crack formation for
Cu/SiLK structure are summarized in Table 6.3. For the Cu/SiLK structure, the
cracks along the 1, 5 and 6 interfaces are very close to a pure mode I. But for the
Cu/PASS interface, both mode I and III components are present. To evaluate the
possibility of crack propagation along these interfaces, the critical energy release rates
have to be determined as a function of mode mixity. Such data can be obtained by
variable mode-mixity bending beam test.

Table 6.3 Mode mixity for Cu/Silk Structure Considering Packaging Effect
Crack 1

Crack 2

Crack 3

Crack 4

Crack 5

Crack 6

GI/G

0.98

0.56

0.71

0.77

0.95

0.94

GII/G

0.01

0.03

0.02

0.23

0.04

0.05

GIII/G

0.01

0.41

0.27

0.00

0.01

0.01

G(J/m2)

8.34

0.40

0.36

16.71

7.52

11.11
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6.2.3

Scaling Effect

The packaging effect on interconnect reliability due to scaling of the
interconnect line width was investigated here. Calculations were carried out for the
ILD/PASS interface in the Cu/SiLK structure with line width decreasing from 0.5 to
0.1µm.

The normalized energy release rates obtained are shown in Figure 6.9.

Overall, for the stand-alone wafer structure, the driving force for interfacial
delamination increased with decreasing line width. However, its value is still too low
to be of concern. Interestingly, the driving force for interfacial delamination does not
change much with line width scaling.
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Figure 6.9 Scaling effect
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6.3

Parametric Study for Packaged Wafer Structures

In this section, simulation results of parametric study for the packaging effect
on interfacial delamination for Cu/low k interconnects will be reported. This includes
solder materials, die size, substrate and underfill materials effects. Some material
properties used in the parametric study are shown in Table 6.4.

Table 6.4 Material Properties for Parametric Study

Die
Plastic substrate

E(GPa)

v

CTE(x10-6)

162

0.28

2.6

Anisotropic elastic property

16(in plane)84(out of plane)

Ceramic substrate

300

0.3

5.0

High lead solder

39.22-0.063 *T

0.35

29.7

Eutectic solder

75.84-0.152*T

0.35

24.5

Lead free solder

88.53-0.142*T

0.40

16.5

Underfill 1

8.40

0.40

28.0

Underfill 2

7.10

0.40

34.0

Underfill 3

6.23

0.40

40.6

6.3.1

Solder Materials Effect

Due to environmental concerns, semiconductor industry is shifting from
traditional eutectic solder materials to lead-free solder materials. Since material
properties for eutectic and lead-free solders are quite different, thermal stresses at the
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die surface will be different. Figure 6.10 shows the energy release rates for
interconnect interfacial delaminations using eutectic solder (62Sn/36Pb/2Ag) and
lead-free solder (95.5Sn/3.8Ag/0.7Cu). The CTE are 24, 16 and 40 ppm for the
eutectic solder, lead-free solder and underfill, respectively. The thermal mismatch
between the lead-free solder and underfill is larger than that between the eutectic
solder and underfill. The Young’s modulus of the lead-free solder is also larger than
the eutectic solder. This will introduce larger thermal stresses at the die surface for
the lead-free solder package compared with the eutectic solder package. This will
result in a higher driving force for interconnect delaminations in lead-free solder
packages as shown in Figure 6.10.
.
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Figure 6.10 Energy release rates for Cu/SiLK when considering packaging effect:
Solder materials effect (-55oC to 125oC)
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6.3.2

Die Size Effect

The die size effect is investigated by comparing two packages with an 8x7mm
die and a 14.4x13.4mm die, respectively. Both packages use the same plastic
substrate with same eutectic solder bumps and underfill material. As shown in Figure
6.11, increasing the die size will slightly increase the crack driving force for the
interfacial delamination in Cu/low k interconnects.

20

8x7mm Die

ERR (J/m^2)

16

14.4x13.4mm Die

12

8

4

0
crack 1

crack 2

crack 3

crack 4

crack 5

crack 6

Figure 6.11 Energy release rates for Cu/SiLK when considering packaging effect: Die
size effect (-55oC to 125oC)
6.3.3

Substrate Effect

The substrate effect is investigated by comparing a plastic substrate package
with a ceramic substrate package as shown in Figure 6.12. One can see that the
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ceramic package has a higher crack driving force than the plastic package. This was
not expected because the thermal mismatch between the die and the ceramic substrate
is smaller than that between the die and the plastic substrate. Hence the thermal stress
in the ceramic package should be smaller than that in the plastic package. However,
this may not be true for underfilled flip-chip packages because the ceramic substrate
has a much higher Young’s modulus that can generate high thermal stress at the chip
surface in the package. Furthermore, since the ceramic substrate is very rigid, local
thermal mismatch between the underfill and solder bumps can also introduce very
large peeling stress at the chip surface.
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Figure 6.12 Energy release rates for Cu/SiLK when considering packaging effect:
Substrate effect (-55oC to 125oC)
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6.3.4

Underfill Materials Effect

The underfill materials effect is shown in Figure 6.13. Generally, increasing
the Young’s modulus of underfill will decrease its coefficient of thermal expansion
(CTE)/. All of the packages use the same plastic substrate and eutectic solder bumps
but with three different underfill materials. As shown in Figure 6.13, decreasing the
CTE (increasing the Young’s modulus) of the underfill will increase the packaging
induced crack driving force for interfacial delamination in the Cu/SiLK structure.
This is because increasing the CTE of the underfill will increase the thermal
mismatch between the underfill and the solder bumps leading to a higher peeling
stress at the die/solder bump interface.
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Figure 6.13 Energy release rates for Cu/SiLK when considering packaging effect:
Underfill materials effect (-55oC to 125oC)
202

6.4

Impact of Die Attach Process in Flip-Chip Packaging

The impact of the die attach process on reliability of low-k structure has been
investigated by Mercado, etc [6.1-6.2]. For flip-chip packaging, the die is attached to
the substrate through solder reflow process at high temperature. Then the package is
cooled down to room temperature before underfilling the package. Without the
protection from the underfill, the solder bump close to the die corner will undergo
severe thermal stress due to the thermal mismatch between the die and substrate. In
this section we will evaluate the packaging effect on interfacial delamination for
Cu/low k interconnects from the die attach process.
6.4.1

Solder Materials Effect

Three solder materials are investigated which are high lead, eutectic and leadfree solder materials. These three solder materials have quite different reflow
temperatures. The thermal loads used in our simulation are from 160oC to 25oC for
eutectic solder, 250oC to 25oC for lead free solder and 300oC to 25oC for high lead
solder. Figure 6.14 shows the solder materials effect on energy release rates for
interconnect interfacial delaminations in the die attach process. The substrate used in
this study is a plastic substrate. The eutectic solder package has the lowest crack
driving force for low k interfacial delamination since the reflow temperature for
eutectic solder is the lowest. The lead free solder package is most critical due to
relative high reflow temperature and high Young’s modulus of the lead free solder
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material. Although the high lead solder has the highest reflow temperature, it has the
lowest Young’s modulus. Hence the crack driving force is lower for the high lead
solder package than that for the lead free solder package. From Figure 6.14 (a) and
(b), we can see that the Cu/BD structure is much better than the Cu/SiLK structure.
The energy release rates induced from the die attach process in the Cu/BD structure
are considerably lower than in the Cu/SiLK structure.
6.4.2

Die Size Effect

The die size effect is investigated using plastic substrate packages with
eutectic solder bumps. As shown in Figure 6.15, increasing the die size will
considerably increase the crack driving force for the interfacial delamination in
Cu/low k interconnects which is also expected.
6.4.3

Substrate Effect

The substrate effect is investigated by comparing a plastic substrate package
with a ceramic substrate package as shown in Figure 6.16. Since the thermal
mismatch between the die and the ceramic substrate is very small, very small thermal
stress is induced in the ceramic substrate package. This leads to very small crack
driving forces for the interfacial delamination of Cu/low k interconnects. The ceramic
substrate is much better than the plastic substrate as expected for both Cu/SiLK and
Cu/BD structure.
204

36

High lead solder package

ERR(J/m^2)

30

Eutectic solder package
Lead-free solder package

24
18
12
6
0
crack 1

crack 2

crack 3

crack 4

crack 5

crack 6

crack 4

crack 5

crack 6

(a)

12

Eutectic solder package

ERR(J/m^2)

Lead-free solder package
9

6

3

0
crack 1

crack 2

crack 3

(b)
Figure 6.14 Energy release rates for (a) Cu/SiLK and (b) Cu/BD structures in die
attach process: Solder materials effect
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Figure 6.15 Energy release rates for (a) Cu/SiLK and (b) Cu/BD structures in die
attach process: Die size effect
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Figure 6.16 Energy release rates for (a) Cu/SiLK and (b) Cu/BD structures in die
attach process: Substrate effect
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6.4.4

Why the Cu/BD Performs Better than the Cu/SiLK

From the results shown in Figures 6.14, 6.15 and 6.16, one can see that the
Cu/BD structure has a much better performance than the Cu/SiLK structure when
considering the impact from the die attach process during flip-chip packaging. The
question is why Cu/BD structure is better. This question can be answered by the
following simplified discussion.
No matter what low k material is used in the interconnect structure at the chip
surface, the thermal stress at the die/solder bump interface induced from the die attach
process is almost the same for different low k packages since the dimension of the
low k interconnect structure is very small compared to the dimensions of the
packaging level components. Figure 6.17 shows the normal stress (σz) of the
Cu/SiLK and Cu/BD structures induced from the die attach process. The stress level
inside the SiLK material is similar to that inside the BD material, which is about
200MPa.
Since the Young’s modulus of BD is about 3 times that of SiLK, the strain
inside BD is much smaller than that inside SiLK under similar stress level, as shown
in Figure 6.18. So the strain energy stored in the BD material will be much smaller
than in the SiLK material. This will lead to a much smaller crack driving force
(energy release rate) for interfacial delamination in the Cu/BD structure.
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Figure 6.17 Normal stress(σz) in (a) Cu/SiLK and (b) Cu/BD structures induced from
the die attach process
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Figure 6.18 Normal strain (εz) in (a) Cu/SiLK and (b) Cu/BD structures induced from
the die attach process
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6.5

Summary

In this chapter, experimental and modeling results from studies to investigate
the chip-package interaction and its impact on low k interconnect reliability were
reported. Simulation results from 3D finite element analysis (FEA) based on a
multilevel sub-modeling approach in combination with high-resolution moiré
interferometry to investigate the chip-package interaction for low k interconnects
were discussed. Packaging induced crack driving forces for relevant interfaces in
Cu/low k structures were obtained and compared with corresponding interfaces in
Cu/TEOS and Al/TEOS structures to assess the effect of ILD on packaging
reliability.

For a stand-alone chip, the energy release rate driving interfacial

delamination during wafer processing was found to be low compared with the critical
energy release rate for interfacial delamination obtained from 4-point bend test. After
the die is assembled into a flip-chip package, thermal deformation at the package
level can be directly coupled into the interconnect structure, increasing significantly
the driving force for interfacial delamination and can seriously impact the chip
reliability, especially for Cu/low k structures. Interfaces in the interconnect structures
parallel to the die surface are more prone to the packaging effect. The packaging
effect was investigated as a function of line width. The energy release rate does not
seem to change with decreasing line width. Parametric study for the packaging effect
was carried out to investigate the solder materials, die size, substrate and underfill
materials effects. Finally, the impact from die attach processing in flip-chip
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packaging was investigated. During die attach process, a lead-free solder package has
severer impact on wafer level structure reliability than a eutectic solder or a high lead
solder package. Using ceramic substrate is much better than using plastic substrate.
Increasing die size will considerably increase the crack driving force for low k
interfacial delamination. The Cu/BD structure has a much better performance than the
Cu/SiLK structure when considering the impact from the die attach process during
flip-chip packaging.
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7 Conclusions and Future Direction
7.1

Summary

Thermo-mechanical stresses are directly related to reliabilities for both
packaging and wafer level structures. It is very important to understand thermal
deformations and stresses of electronic packages in order to study their thermomechanical reliabilities. Three main objectives were addressed in this study. The first
objective was to study the thermal deformations of electronic packages, mainly by
use of an experimental technique, Moiré Interferometry. The second objective was to
study the thermal stresses of wafer level Cu interconnect structures by semi-analytical
approach and finite element analysis. The third objective focused on the chippackaging interaction that has been becoming a very critical issue for packaging most
advanced Cu/low k chips. This involved thermo-mechanics analysis for both
packaging and wafer level structures and was achieved by experimental
measurements and finite element analysis. The research results are summarized by the
following sections.
7.1.1

Thermal Deformations of Electronic Packages

Three different types of packages were investigated in this study. These
packages include a 3M CueBGA package, a Philips on board flip-chip package and a
Motorola experimental flip-chip package without board.
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For the 3M Cue BGA package, moiré interferometry and finite element
analysis were employed to determine the thermal deformation of this package with
the objective of studying the solder ball reliability. In this package, a Cu layer that has
a CTE value close to that of the printed circuit board (PCB) was introduced between
the die and the solder balls in order to reduce the thermal mismatch between the die
and PCB hence improving the reliability of solders between them. Moiré results
indicated that the solder balls experienced a small strain with the presence of the Cu
interposer. However, solder balls that were out of the die projection still had relative
large deformations. FEA results revealed that the CueBGA package had lower
maximum stresses and strains compared to a similar sized flip-chip assembly with
underfill. Additionally, two different lamination adhesives with different properties
were modeled, which revealed that the change to the softer material provided even
further reduction of solder balls stresses. Both moiré and FEA results showed that the
shear stress and strain in the solder balls were mostly due to the thermal mismatch
between the package and the PCB, which again highlighted the importance of the
copper stiffener.
The Philips package analyzed using moiré interferometry was a very
complicated structure with a flip-chip package mounted on a PCB and a Cu heat
spreader on the top. Moiré results showed that all BGA solder balls outside the die
projection area undergo a relatively small deformation. In contrast, the BGA solder
balls under the die projection area showed a large compressive stress in the vertical
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direction. The die/spreader interface and the die/substrate corner seem to be critical
with high stress concentrations due to the CTE mismatch between the die and the
substrate and the overall bending of the package.
The Motorola experimental flip-chip package had a very high density wiring
layer on the substrate. The high-resolution moiré interferometry was employed to
investigate its overall thermal deformation as well as strain distributions within very
small features such as solder bumps. The moiré results demonstrate that the phaseshift moiré interferometry is a powerful technique for quantitative analysis of thermal
deformation and strain distribution for high-density electronic packages. The
interferometer has the capability of mapping local deformation to a resolution of
26nm as well as for direct determination of strain distribution at interfaces, in solder
bumps and wiring structure. The high resolution moiré interferometry results showed
that the solder bump close to the die corner had the highest strains and was
considered to be the most critical. The die-fillet corner was the most critical region in
this package. The strain distribution in the vicinity of plated through-hole vias
showed that the underfill above the through-hole via had a higher normal strain εz
(perpendicular to the die surface) than the other region of underfill. This can explain
the observed delamination between the underfill/die interface above the through-hole
via during thermal cycling.
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7.1.2

Thermal Stresses in Cu Interconnect Structures

When a temperature load is applied to a Cu damascene structure with a silicon
substrate, a large thermal stress can be generated in Cu lines due to the severe thermal
mismatches of the materials in the structure. From the results obtained from semianalytical solution and finite element analysis, we can draw the following
conclusions.
•

Cu/low k vs. Cu/TEOS: The stress level of Cu lines is much higher

for Cu/TEOS structures than that for Cu/low k structures. This is
expected since low k materials are usually much weaker than TEOS
material. The confinement on Cu lines from ILD will be much weaker
for low k structures than for TEOS structure hence leading to a lower
stress level of Cu lines in Cu/low k structures.
•

Scaling effect: In general, as the dimensions of Cu lines decrease,

thermal stresses along and across the line directions in Cu lines
decrease while the thermal stress normal to the chip surface in Cu lines
increase.
•

Barrier thickness effect: Barrier layers also play an important role in

determining thermal stresses in Cu lines, particularly when Cu lines
continue scaling down. Generally, if the ILD material is strong such as
TEOS, decreasing the barrier thickness will decrease the thermal stress
normal to the chip surface in Cu lines and increase the thermal stress
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cross the line direction in Cu lines. But it does not much affect the
thermal stress along the line direction in Cu lines. If the ILD material
is weak such as SiLK, decreasing the barrier thickness will decrease
the thermal stresses along the line direction and normal to the chip
surface in Cu lines but the thermal stress cross the line direction in Cu
lines remains almost constant.
•

Aspect ratio effect: Generally, increasing the aspect ratio will

decrease the stress level in Cu lines. The stress level in Cu lines
becomes stable after the aspect ratio is larger than 3.
In addition to temperature loading, wafer processing can also generate large
residual stress in Cu interconnect structures. A simulation approach was developed in
this study to simulate the whole wafer processing procedure and verified with x-ray
measurement for Cu single damascene structures. This approach was employed to
simulate the wafer processing procedure for Cu dual damascene structures in detail.
The simulation results are summarized as following.
•

After wafer processing, the residual stress level in Metal 1 is higher
than in Metal 2. Via has a very high tensile residual stress normal to
the chip surface.

•

Two possible mechanisms for voiding at via bottom during wafer
processing were proposed.
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•

Increasing Metal 2 width will increase the tensile residual stress
normal to the chip surface in the via making delamination along the
via bottom/barrier interface more possible.

•

A higher alloy temperature will introduce higher compressive thermal
stresses for Cu line and via at alloy temperature and bring higher stress
gradients during cooling from alloy temperature. This can lead to a
possibly higher stress induced voiding rate.

7.1.3

Chip-Packaging Interaction

After a chip is packaged with a substrate or board, the thermal deformation of
the package can generate large mechanical stress in the Cu interconnect structure
located at the chip surface. This packaging effect can have a significant impact on the
reliability for Cu/low k interconnect structures. Packaging induced crack driving
force for delamination along wafer level low k interfaces is the major topic
investigated in this study. The research results are summarized below.
•

For stand alone wafer structures before packaging, the crack driving
force for interfacial delamination in wafer level interconnect structures
is very low when cooling from the highest wafer processing
temperature (~400oC) to room temperature, as shown in Table 7.1.

•

Packaging has little effect on TEOS structures but a significant effect
on low k structures. As shown in Table 7.1, when a flip-chip package
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is heated from -55oC to 125oC, the package thermal deformation
induced crack driving force for interfacial delaminations in Cu/SiLK
structure can be very high.

Table 7.1 Maximum energy release rate (J/m2) for 0.5 µm line width
(Lead-free solder package, -55oC to 125oC)
Interfaces

Al/TEOS

Cu/TEOS

Cu/SiLK

•

ILD/PASS

ILD/BARR

Metal/PASS

Metal/BARR

Wafer
level

0.0076

0.3854

0.2044

0.4375

Packaging

0.2086

0.0845

0.0630

0.0716

Wafer
level

0.0072

0.3669

0.2079

0.4287

Packaging

0.2095

0.0865

0.0617

0.0702

Wafer
level

0.2908

1.1556

0.1718

1.0476

Packaging

8.3392

11.1109

16.7080

7.5216

In Cu/low k structures, interfaces in the interconnect structures parallel
to the chip surface are more prone to the packaging effect. Packaging
has little effect to surfaces normal to the chip surface.

•

Packaging effect is not sensitive to Cu line width. The packaging
induced crack driving force does not seem to change with decreasing
Cu line width.
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•

During flip-chip packaging, the die attach step before underfilling is
most critical when considering the packaging impact on reliability of
Cu/low k interconnect structures. The packaging induced crack driving
force can be very high as shown in Table 7.2.

Table 7.2 Maximum energy release rate (J/m2) for 0.5µm line width
(Die Attach Process, lead-free solder, 250oC to 25oC)
Interfaces

ILD/PASS

ILD/BARR

Metal/PASS

Metal/BARR

Cu/SiLK

19.70

32.48

8.410

18.14

Cu/BD

7.523

13.00

4.632

10.37

•

During die attach in flip-chip packaging, a lead-free solder package
has severer impact on wafer level structure reliability than a eutectic
solder or a high lead solder package. Using ceramic substrate is much
better than using plastic substrate. Increasing die size will considerably
increase the crack driving force for low k interfacial delamination.

•

The Cu/BD structure has a much better performance than the Cu/SiLK
structure when considering the packaging impact on reliability of Cu
interconnect structures.
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7.2

Suggestions for Future Work

In this study, several methodologies based on analytical solutions, experimental
measurements and finite element analyses have been established to investigate
thermo-mechanical reliability issues in both packaging and wafer level structures.
Although valuable research results have been obtained, the research work should be
further elaborated in ways described below.
7.2.1

Thermal Deformations of Electronic Packages

The high resolution moiré inteferometry has been successfully applied to
measure thermal deformations of electronic packages at room temperature, cooling
from high temperature or heating from low temperature. Since the properties of
materials used in electronic packages are very much temperature dependent, thermal
deformations of electronic packages are not linear with changing temperature. In
order to understand thermo-mechanical reliability issues of electronic packages more
deeply, in-situ thermal deformations of electronic packages are very important. For
example, for a low Tg underfill flip-chip package, the thermal deformation of the
package may change dramatically when crossing the Tg of the underfill. Hence the
next logical step in studying thermal deformations of electronic packages is to set up
in-situ high resolution moiré interferometry that can be employed to measure thermal
deformations of electronic packages at any relevant temperature with high sensitivity
and resolution.
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In the semiconductor industry, the warpage of an electronic package is also of
a great interest. Since moiré inteferometry can only measure the in-plane
displacement, it needs to be modified and improved so that it can have the capability
to measure the out-of-plane displacement. The three dimensional measurement can
provide more valuable information to evaluate thermo-mechanical reliabilities of
electronic packages.
7.2.2

Thermal Stresses in Cu Interconnect Structures

Experimental techniques for measuring thermal stresses in Cu interconnects
are very limited. Finite element analysis is a very potent technique to investigate
thermal stresses for Cu interconnect structures. However, employing FEA in this
study is also limited by the difficulties of obtaining accurate material properties. With
low k materials being integrated into the wafer level interconnect structures,
temperature dependent and non-linear material properties should be considered in
FEA. The material characterization for small dimension materials is very important.
For Cu/low k structures, plasticity and creep properties of materials may be very
important for modeling the interconnect structure. The grain texture of Cu line and
via also plays an important role in the thermal stress state of the structure. The above
factors should be considered in the thermal stress simulation for Cu interconnect
structures.

222

As shown in this study, wafer processing can generate very large residual
stress in wafer level interconnect structures. This residual stress should be considered
in the thermal stress modeling for Cu interconnect structures.
7.2.3

Chip-Packaging Interaction

The FEA approach based on multilevel sub-modeling technique developed in
this study provides a methodology to investigate the chip-packaging interaction. The
research results show that packaging has a significant impact on reliability for Cu/low
k interconnect structures. More research works need to be done in this area as
described below.
•

The packaging induced stress in Cu interconnect structures needs to be
considered together with the residual stress induced from wafer
processing. Combination of these two stress sources will provide a
more accurate understanding of reliability issues in Cu/low k
interconnect structures.

•

Since the semiconductor industry has been suffering from the thermomechanical reliability problems when packaging low k chips, this
methodology should be employed further to provide possible solutions
for these reliability problems. Reliability of packaging low k chips
may be improved by applying proper packaging design and wafer level
interconnect structure design. For example, the packaging induced
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stress for Cu/low k interconnect structures can be reduced by the Intel
Bumpless Build-Up Layer (BBUL) packaging design. For wafer level
interconnect structure design, mechanical vias may be put at critical
locations to support the low k structure. The effect of any design
change can be investigated by the methodology in this study.
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Appendix A

Element

Birth

and

Death

Technique
The following introduction for element birth and death technique is copied from
ANSYS manual with minor changes.

If material is added to or removed from a system, certain elements in your
model may become "existent" or "nonexistent.” In such cases, you can employ
element birth and death options to deactivate or reactivate selected elements,
respectively. The element birth and death feature is useful for analyzing excavation
(as in mining and tunneling), staged construction (as in shored bridge erection),
sequential assembly (as in fabrication of layered computer chips), and many other
applications in which you can easily identify activated or deactivated elements by
their known locations.
To achieve the "element death" effect, the ANSYS program does not actually
remove "killed" elements. Instead, it deactivates them by multiplying their stiffness
(or conductivity, or other analogous quantity) by a severe reduction factor. This factor
is set to 1.0E-6 by default, but can be given other values. Element loads associated
with deactivated elements are zeroed out of the load vector, however, they still appear
in element-load lists. Similarly, mass, damping, specific heat, and other such effects
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are set to zero for deactivated elements. The mass and energy of deactivated elements
are not included in the summations over the model. An element's strain is also set to
zero as soon as that element is killed.
In like manner, when elements are "born," they are not actually added to the
model; they are simply reactivated. You must create all elements, including those to
be born in later stages of your analysis. To "add" an element, you first deactivate it,
then reactivate it at the proper load step. When an element is reactivated, its stiffness,
mass, element loads, etc. return to their full original values. Elements are reactivated
with no record of strain history (or heat storage, etc.); however, initial strain defined
as a real constant will not be affected by birth and death operations.
Refer to ANSYS manual for more information.
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Appendix B

Sub-Modeling Technique

The following introduction for sub-modeling technique is copied from ANSYS manual
with minor changes.

Sub-modeling is a finite element technique used to get more accurate results
in a region of your model. Often in finite element analysis, the finite element mesh
may be too coarse to produce satisfactory results in a region of interest, such as a
stress concentration region in a stress analysis. The results away from this region,
however, may be adequate. To obtain more accurate results in such a region, you
have two options: (a) reanalyze the entire model with greater mesh refinement, or (b)
generate an independent, more finely meshed model of only the region of interest and
analyze it. Obviously, option (a) can be time-consuming and costly (depending on the
size of the overall model). Option (b) is the sub-modeling.
Sub-modeling is also known as the cut-boundary displacement method or the
specified boundary displacement method. The cut boundary is the boundary of the
sub-model which represents a cut through the coarse model. Displacements calculated
on the cut boundary of the coarse model are specified as boundary conditions for the
sub-model. Sub-modeling is based on St. Venant's principle, which states that if an
actual distribution of forces is replaced by a statically equivalent system, the
distribution of stress and strain is altered only near the regions of load application.
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The principle implies that stress concentration effects are localized around the
concentration; therefore, if the boundaries of the sub-model are far enough away from
the stress concentration, reasonably accurate results can be calculated in the submodel. Aside from the obvious benefit of giving you more accurate results in a region
of your model, the sub-modeling technique has other advantages:
•

It reduces, or even eliminates, the need for complicated transition regions
in solid finite element models.

•

It enables you to experiment with different designs for the region of
interest (different fillet radii, for example).

•

It helps you in demonstrating the adequacy of mesh refinements.

•

Some restrictions for the use of sub-modeling are:
It is valid only for solid elements and shell elements.
The principle behind sub-modeling assumes that the cut boundaries are
far enough away from the stress concentration region. It is up to you to
verify that this assumption is adequately satisfied.

The process for using sub-modeling is as follows:
•

Create and analyze the coarse model.

•

Create the sub-model.

•

Perform cut boundary interpolation.

•

Analyze the sub-model.

228

•

Verify that the distance between the cut boundaries and the stress
concentration is adequate.

Refer to ANSYS manual for detailed information on how to perform submodeling in ANSYS.
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