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Rupture and Instability of Soft Films due to Moisture
Vaporization in Microelectronic Devices

Linsen Zhu1, Jiang Zhou2 and Xuejun Fan2

Abstract: In this paper, a damage mechanics-based continuum theory is devel-
oped for the coupled analysis of moisture vaporization, moisture absorption and
desorption, heat conduction, and mechanical stress for a reflow process in micro-
electronic devices. The extremely compliant film has been used in wafer level
lamination process. Such a soft film experiences cohesive rupture subjected to
moisture absorption during reflow. The numerical simulation results have demon-
strated that vapor pressure due to moisture vaporization is the dominant driving
force for the failures. The correlation between the vapor pressure evolution and
the film rupture observed from the experiments have been established through two
case studies. The results are in excellent agreement with experimental observation-
s. Further, to understand the mechanism of soft film rupture, the instability theory
for rubbery material undergoing large deformation is introduced. Neo-Hookean,
Mooney–Rivlin, and Ogden’s models are used to derive the analytical solutions.
For any thickness of the spherical void with neo-Hookean materials, maximum va-
por pressure is up to 2.5 times of shear modulus. The instability of the void with
Mooney-Rivlin material depends on material property, coefficient of asymmetry,
and thickness of the wall. In either case, it has been found that the hoop stress
always increases monotonically even though the vapor pressure starts to fall below
the cavitation pressure, and eventually this leads to the void to collapse. However,
if the vapor pressure falls at a greater rate, the collapse may not occur.

1 Introduction

Three-dimensional (3D) integrated circuit integration has become the mainstream
in semiconductor technology with the advantages of small-form factor, high-perfor-
mance, low power consumption, and high density integration. Wafer-level film
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lamination is one of the critical assembly steps in 3D integration [ITRS (2014)]. A
key challenge in the development of high performance microelectronic devices is
to meet device reliability performance requirements without material or interface
failures [Fan et al. (2008); Fan et al. (2001); Xie et al. (2009)]. When soft film
is applied, cohesive rupture due to moisture vaporization during soldering reflow
process becomes a major concern [Fan, et al. (2006); Huang et al (2006); Prack et
al. (2006)].

Moisture plays an important role in the integrity and reliability of microelectronic
devices. Many failures in these devices can be traced back to moisture [Fan and
Suhir (2010)]. When atmospheric moisture is absorbed through microelectronics
devices, it condenses in free-volumes or micro-/nano- pores in polymer materials
and along interfaces. The condensed moisture will vaporize and produce high va-
por pressure during surface mount process, in which the devices and printed circuit
boards are entirely placed in a reflow oven. A reflow process is completed within
a few minutes, and the peak temperature of devices during reflow typically ranges
from 220˚C to 260˚C. Polymer materials, such as dielectric films and adhesive
films, become extremely compliant when temperature exceeds their glass transi-
tion temperatures. In addition, the interfacial adhesion strength drops substantially.
As a result, delamination or cohesive rupture may occur due to the combined ef-
fects of thermo-mechanical stresses, hygroscopic stresses, vapor pressure, material
softening, and adhesion degradation [Zhang et al. (2006); van Driel et al. (2010)].

Extensive studies have been made to investigate the moisture diffusion, desorption,
and ensuing mechanical stresses in encapsulated microelectronics devices [Gal-
loway et al. (1997); Kitano et al. (1998); Liu et al. (1995); Tay et al. (1999);
Fan et al. (1999)]. Specific interests have been focused on the reflow process. The
encapsulated moisture, which is absorbed at preconditioning, experiences desorp-
tion during reflow. However, significant residual moisture remains inside devices,
and moisture vaporates to generate internal vapor pressure inside polymer films.
Moisture diffusion and vapor pressure analysis is a key to understand moisture-
induced failure mechanism in electronic packaging. Kitano et al. (1998), Tay and
Lin (1999) investigated the coupled moisture diffusion and heat transfer in plastic
electronic packages. In Tay and Lin’s work, the normalized approach is used for
a moisture diffusion analysis. Galloway et al. (1997) characterized moisture prop-
erties for different packaging materials and introduced thermal-moisture analogy
methodology for moisture diffusion analysis. Wong et al. (1998) introduced an al-
ternative normalized variable, so-called ‘wetness’, which is defined as the ratio of
moisture concentration over its saturated moisture concentration. The discontinuity
of moisture concentration at interfaces thus can be removed by using those normal-
ized variables. In solving the coupled thermal-moisture-mechanical stress problem-
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s, the equivalent coefficient of thermal expansion (CTE) method has been used for
an integrated stress analysis to consider the combined effects of thermal expansion,
hygroscopic swelling, and vapor pressure-induced strains [Tee et al. (2004)]. In the
equivalent CTE method, a saturated and uniform moisture distribution is assumed
for an entire reflow process. However, time-dependent and non-uniform moisture
distribution process is not taken into considerations. In addition, the equivalent
CTE method cannot be extended to non-linear and time-dependent analysis since it
is based on a linear superposition [Fan et al. (2008); Tee et al. (2004)].

In this paper, a damage mechanics-based continuum theory is developed for the
coupled analysis of moisture vaporization, moisture absorption and desorption, heat
conduction, and mechanical stress. The concept of effective stress is introduced
using micromechanics analysis. Void volume fraction and vapor pressure are intro-
duced as two internal field variables. The method is applied to investigate the soft
film rupture in a 3-D stacked-die chip scale package subjected to a reflow process.
The correlation between the vapor pressure evolution and the film rupture observed
from the experiments is established. Further, to understand the mechanism of soft
film rupture, a single void growth and instability are studied using neo-Hookean,
Mooney–Rivlin, and Ogden’s models, respectively. The instability of the void de-
pends on material property, coefficient of asymmetry, and thickness of the wall. We
will discuss whether the collapse of void is due to pressure instability or material
strength.

2 Problem Formulation

2.1 Moisture Diffusion

Moisture diffusion behavior is often described by Fick’s law [Crank (1956)]:

∇ · ~J+ ∂ C
∂ t

= 0 (1)

where D is diffusivity for moisture diffusion, ∇C the moisture concentration gra-
dient and

⇀

J is the flux vector ~J = −D∇C. Since the moisture concentration C
is discontinuous at interface of different materials, the "normalized concentration"
(often referred to as the "activity" of the diffusing material), is introduced [DeGroot
et al. (1962)]

ϕ =
C
S

(2)

where S is the solubility of material. When two dissimilar materials are joined
at an interface, the normalized concentration ϕ is continuous across the interface
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between the two different materials. Equation (1) in terms of the normalized con-
centration ϕ becomes

∇ ·D[S∇ϕ +ϕ
∂S
∂T

∇T ] = S
∂ϕ

∂ t
+ϕ

∂S
∂T

∂T
∂ t

(3)

in which the solubility is a function of temperature T . The above equation is not
truly analogous to the original diffusion equation (1) if

∂S
∂T
6= 0, ∇T 6= 0 (4)

On the other hand, a general form of moisture diffusion constitutive model can be
written as [Sofronis, P. (1989)]

~J =−SD[∇ϕ +κt∇T +κ p∇p] (5)

where κt and κp are temperature and pressure gradient factors, providing diffusion
driven by the gradient of temperature and pressure stress, respectively. The pressure
p is defined as -σii/3. The temperature gradient driven term in equation (3) can be
recovered by equation (5) with

κt =
ϕ

S
∂ S
∂ T

(6)

Equation (6) indicates that Equation (3) based on the normalized variable can be
considered as a special case of a general type of moisture diffusion by Equation (5).

2.2 Effective Stress and Continuum Theory

Vapor pressure due to moisture is exerted on the solid phase of the material. To de-
scribe the coupling phenomena between vapor pressure and matrix material defor-
mation, the effective stress concept is introduced using a micromechanics analysis
[Terzaghi (1943)]

σi j = σ
′
i j− pδi j (7)

where σi j is the total stress tensor component, and p, the vapor pressure, and σ ′i j is
the effective stress. According to the definition of effective stress, the deformation
of porous skeleton is governed by the effective stress only. If a linear, isotropic elas-
tic material is considered, the constitutive model can be described by the effective
stress as follows,

εi j =
1+ν

E
σ
′
i j−

ν

E
σ
′
kkδi j +(α∆T +β C)δi j (8)



Rupture and Instability of Soft Films 117

where E and ν are Young’s modulus, and Poisson’s ratio, respectively, and α , β

are the coefficients of thermal expansion, and hygroscopic swelling, respectively.
∆T = T −T0, T0 is a reference temperature, and C is the moisture concentration.
By substituting Equation (7) into Equation (8), one obtains

εi j =
1+ν

E
σi j−

ν

E
σkkδi j +(α∆T +β C+

1−2ν

E
p)δi j (9)

Equation (9) indicates that the vapor pressure contributes to the matrix deformation
as an additional volumetric strain term. The total volumetric strain becomes

ε
volu = α∆T +β C+

1−2ν

E
p (10)

Equation (9) can be also written as

σi j = 2Gεi j +λεkkδi j− [
E

1−2ν
(α ∆T +β C)+ p]δi j (11)

where G and λ are Lame’s elastic constants. The deformation equilibrium now
becomes

G∇
2ui +(λ +G)e,i−[

E
1−2ν

(α ∆T +β C)+ p],i+Xi = 0 (12)

where ui is the component of displacement vector, e is the total volumetric strain
e = ui,i, Xi is the component of body force vector. Equation (11) or Equation (12)
implies that all applied loads: thermal expansion, hygroscopic swelling and vapor
pressure, are in the forms of body loads. The resulting stress/deformation response
caused by temperature excursion and moisture diffusion and evaporation can be
obtained by solving the force equilibrium equation with the above strain defini-
tions and the governing equations of heat conduction and moisture diffusion. If
stress gradient-driven diffusion/heat conduction mechanism can be neglected, the
temperature and moisture concentration fields can be determined, prior to a stress
analysis, and then they can be incorporated into a subsequent stress analysis. How-
ever, vapor pressure in equation (12) must be determined before the stress analysis.
Vapor pressure is related to the local moisture concentration and free volume frac-
tion growth, which is coupled with the matrix’s deformation.

2.3 Vapor Pressure Model and Free Volume Fraction Evolution

Although moisture diffusion is analyzed at a macroscopic level, the vapor pressure
model should be considered at a microscopic level [Fan et al. (2005)]. Moisture
exists everywhere in polymer materials, and stays either in the mixed liquid/vapor
phase or in the single vapor phase in nano-pores or in free volumes, as shown in
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Figure 1. Assume that all moisture absorbed is in free (‘unbound’) water liquid or
vapor form. Moisture collects at the micro-/nano- pores, in free volumes, at the
interfaces, and/or in micro/macro-voids [Fan et al. (2008)]. Unbound moisture will
evaporate during the reflow process.

 

Figure 1: Moisture state in film.

A representative elementary volume (REV) around any considered point in porous
medium is considered. The REV is defined in such a way that wherever it is placed
within the considered porous medium domain, it always contains both the solid
polymer phase and the porous/free volume phase. The total moisture content in a
REV is obtained from the local moisture concentration C at a macroscopic level. If
the void volume fraction f (or interstitial space fraction) is known, then the ‘appar-
ent’ moisture density (ρ) in pores can be defined as [Fan et al. (2008); Fan et al.
(2005)]

ρ =C/ f (13)

When the moisture density ρ in pores is less than the saturated water vapor density
ρg, the moisture is in the single vapor phase. In this case, since the total moisture
content (C*V, where V is REV volume), and the free volume (f*V) are known, the
vapor pressure can be obtained using the ideal gas law as follows

p(T ) =
RT

MMH2O f
·C when C(T )/ f < ρg(T ) (14)

here R is the universal gas constant (=8.314J/(mol·K)), and MMH2O is the molecular
mass of water (=18g/mol). On the other hands, when the moisture density ρ is
equal to or greater than the saturated water vapor density ρg, the moisture in pores
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is in the mixed liquid-vapor phase. Therefore the vapor pressure remains as the
saturated vapor pressure, as follows

p(T ) = pg(T ), when C(T )/ f ≥ ρg(T ) (15)

where pgis the saturated water vapor pressure. Equations (14) and (15) provide the
models to calculate vapor pressure. It indicates that vapor pressure is related to
moisture diffusion (moisture concentration C), and temperature field (T), as well
as the growth of the void volume fraction f. the void volume fraction may be
considered as a damage field variable. The growth of the void must follow the
continuity equation, as follows,

ḟ = (1− f ) u̇i,i (16)

which is coupled with the continuum’s deformation in equation (12).

3 Case Study: Application to 3-D Stacked-Die Chip Scale Packages

The above formulations have been implemented in both ABAQUS and ANSYS fi-
nite element software with additional user-defined subroutines. As a case study,
3-D ultra-thin stacked-die chip scale packages (CSP) are studied in this paper, as
shown in Figure 2. The package composes mold compound (MC), multiple silicon
dies, multiple die-attach films, solder resist (SR) and BT core. The substrate in-
cludes two layers of SR and one layer of BT. The geometry and material property
information can be found in [Fan et al. (2006)]. In this device, the soft die attach
film was used between dies and between the substrate and bottom die. Extensive
experimental studies have been conducted to investigate the soft film behaviors
during reflow process [Shi et al. (2005)]. It has been observed that in some cases,
the film rupture occurred consistently. In the following we will present a correla-
tion study with experimental observations. Two scenarios were investigated: the
substrate thickness effect and the reflow profile effect. 

Figure 2: A case study: stacked-die chip scale package.
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3.1 Substrate Thickness Effect

In this case study, Reflow Profile 1, shown in Figure 3, was applied. Reflow profile
showed the rapid heating history after the moisture preconditioning. Two substrate
thicknesses, 200 microns and 280 microns, respectively, are simulated, with all
other conditions remaining the same. We focus on the soft film (termed bottom
film in Figure 2) behavior between the substrate and the bottom die, since this is
where the moisture is absorbed during preconditioning, and released during reflow.
Results for both moisture concentration and vapor pressure in film are obtained.
Figure 4 shows the contours of moisture concentration at 260◦C for packages with
different substrate thicknesses. For thinner substrate, moisture concentration in
bottom layer film is 54% less than in thicker substrate. It is also observed that
there is virtually no difference on moisture concentration in MC and other films.
Significant moisture in bottom layer film is lost through substrate during reflow.
This indicates that substrate thickness plays a key role in thin package moisture
performance.

Figure 3: Reflow Profiles.

The contours of vapor pressure are shown in Figure 5 for two substrate thickness-
es. For thinner substrate, the vapor pressure is 40% less than in thicker substrate.
Figure 6 shows the histories of vapor pressure evolution for these two cases, com-
pared to the saturated vapor pressure as function of temperature. It can be seen
that the package with thinner substrate initially has an internal pressure buildup
same as the saturated pressure when temperature rises. At certain point, when the
moisture is dried out, the pressure starts to fall significantly. On the contrast, for
the package with thicker substrate, the release of moisture is not as fast as in the
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Figure 4: Moisture concentration contours at 260˚C (a). a thinner substrate, and
(b). a thicker substrate.

 

Figure 5: Vapor pressure contours at 250˚C (a). a thinner substrate, and (b) a thicker
substrate.

thinner case, significant moisture still retains when the peak temperature is reached.
Therefore, the vapor pressure follows the saturated vapor pressure throughout the
whole heating process. Experimental results have shown that the failure rate for
thicker substrate is significantly higher, while there was virtually no occurrence of
the film rupture for thinner substrate [Shi et al. (2010)].

3.2 Reflow Profile Effect

In this study, two different reflow profiles shown in Figure 3 were applied to the
same substrate thickness packages. It can be seen from Figure 3 that Profile 2
has an extended time period (∼ about 90 seconds) at a temperature level around
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Figure 6: Vapor pressure comparison between two substrate thicknesses.

180˚C before temperature ramps up rapidly to the peak temperature. This may
allow significant moisture release while the vapore pressure below 180˚C is not
high enough to cause material rupture. Both profiles eventually reach to a same
peak temperature of 260˚C.

Figure 7 plots the contours of moisture concentration at 250˚C for these two reflow.
When Reflow Profile 2 is applied, the moisture concentration in bottom layer film is
34% less than with Reflow Profile 1. This is because Reflow Profile 2 has a longer
exposure time at a level of temperature 150˚C to allow more moisture released
before it ramps up.

 

Figure 7: Moisture concentration contours at 250˚C subjected to two different re-
flow profiles. (a) reflow profile 1; (b) reflow profile 2.
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Figure 8 plots the vapor pressure evolution in bottom layer film subjected to two
reflow profiles. It can be seen that the vapor pressure under Profile 2 starts to
fall at a lower pressure than Profile 1. This means that with Reflow Profile 1, a
higher vapor pressure will be generated during reflow process, while for Profile 2,
since moisture is dried out before the temperature reaches to peak temperature, the
pressure drops sharply. Experimental studies have shown that with Profile 2, there
was no any failure observed, which are consistent with the simulation results.

Figure 8: Vapor pressures at the bottom layer film subjected to two reflow profiles.

4 Mechanism Study: Instability of a Spherical Void Subjected to Internal
Pressure

Failure analysis of the film has been conducted extensively to understand the mech-
anism [Shi et al. (2010)]. Figure 9 is a cross-section view of the chip-scale package
with thick substrate subjected to Reflow Profile 1 with moisture preconditioning. It
shows the large-scale cracking and voiding in the bottom film attached to substrate.
Other layers of films, which are sandwiched by dies, remain intact. A lapping tech-
nique was applied to remove the ruptured film and the images of the ruptured films
were taken by scanning electron microscope, as shown in Figure 10. Significant
voiding and coarsening in the film was developed.

To understand the film cohesive failure, the instability for general rubbery materials
may be applied. Gent (1959) found an initial small void growth in a bulky rubbery
material is caused by a hydrostatic tension. A review on cavitation study in rubber
is also given by Gent (1990). Ball (1982) described the cavitation as a bifurcation
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problem. An alternative interpretation for such problems, in terms of the sudden
rapid growth of a pre-existing microvoid, has been given by Horgan and Abeyaratne
(1992), and Sivaloganathan (1992). Carroll (1987) observed three qualitatively
pressure maximum behaviors in inflation of incompressible elastic hollow spheres
and stretched cylinders. A balloon inflation experiment was described, and the
physical nature of the inflation phenomenon was examined analytically in detail
by Beatty (1987). The results for the different materials, rubber, elastomers and
biological tissues, were compared.

 

Figure 9: Bottom film rupture during reflow process.

 

Figure 10: Microstructure of the soft film before and after reflow.
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Budianxky, Hutchinson and Slutsky (1982) showed that many defects gradually
evolve to spherical voids under large hydrostatic tension. In the present study, a
spherical void configuration is considered. The strain energy for a homogeneous,
isotropic and incompressible elastic solid material is a function of two invariants
I1, I2

W (I1, I2) =W (λ1,λ2,λ3) (17)

The Cauchy stress tensor σ is given by

σσσ =−gl+2
∂w
∂ I1

B−2
∂w
∂ I2

B−1 (18)

Where I1 = λ 2
1 + λ 2

2 + 1
λ 2

1 λ 2
2

, I2 = 1
λ 2

1
+ 1

λ 2
2
+ λ 2

1 λ 2
2 , λ1, λ2, and λ3 are the three

principal extension ratios, g is an unspecified scalar, 1 denotes the unit tensor, and
the deformation tensor B and its inverse B−1 are positive-definite and symmetric.
B is defined by B = V2 = FFT . Here F and FT denote the deformation gradient
and its transpose, and the stretch tensor V is positive-definite and symmetric.

In a spherical coordinate system, σr is radial stress, and σθ and σϕ are circumfer-
ential stress. σθ is also known as hoop stress. The stress difference can be written
as

σθ −σr = λθ

∂W
∂λθ

−λr
∂W
∂λr

(19)

If the strain energy function W̃ (λ ) is defined by

W̃ (λ ) =W (λ1,λ2,λ3) =W (λr,λθ ,λϕ) =W (λ ,
1√
λ
,

1√
λ
) (20)

The stress difference can be expressed as

σ̃(λ ) = σθ −σr =−λ
dW̃
dλ

(21)

For Mooney–Rivlin strain energy function, it can be expressed as

W̃ =C1(λ
2 +

2
λ
−3)+C2(

1
λ 2 +2λ −3) (22)

For Ogden model,

W̃ = ∑n
µn

αn
(λ αn +2λ

−αn
2 −3) (23)
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At equilibrium the solutions for Mooney–Rivlin are

p∗=
p
µ
=

1
2(1+ k)

[(
4

λθ ,b
+

1
λ 4

θ ,b
− 4

λθ ,a
− 1

λ 4
θ ,a

)
+2k

(
1

λ 2
θ ,b
−2λθ ,b−

1
λ 2

θ ,a
+2λθ ,a

)]
(24)

where

λθ ,a =
a
ao

,λθ ,b =
b
bo

(25)

σ
∗
θ =

σθ

µ
=

1
2(1+ k)

a
a−b

r−b
r

[(
4

λθ ,a
− 1

λ 4
θ ,a
− 4

λθ ,b
+

1
λ 4

θ ,b
)

+2k(λ 4
θ ,a +

1
λ 2

θ ,a
−2λθ ,a−λ

4
θ ,b−

1
λ 2

θ ,b
+2λθ ,b)]

+
1

1+ k
[(λ 2

θ −
1

λ 4
θ ,b

)+ k(λ 4
θ ,b−

1
λ 2

θ

)]

(26)

The solutions for Odgen are

p = 2
∫ b

a
∑

n
n=1 µn

(
λ
−an

2 −λ
an
) dr

r
(27)

And the hoop stress distribution at any location can be derived as

σθ =
a

a−b
r−b

r

[
∑

n
n=1 µn

(
1

λ
2an
θ ,b

− 1

λ
2an
θ ,a

)
− p

]
+∑

n
n=1 µn

(
λ

an
θ
− 1

λ
2an
θ ,b

)
(28)

We will use the Equations (24) and (26) for the following analysis. First, let us con-
sider a neo-Hookean model that is the simplest form for the hyperelastic material
with C1 in Equation (22) related to the shear modulus µ by C1 =

µ

2 , and C1 = 0.
Figure 11 plots the general results of the critical normalized pressure p∗(p∗ = p/µ)
with different thickness ratio of b0

a0
. The peak pressure p∗max is defined as cavitation

pressure. The corresponding deformation λ ∗
θ ,a (defined by Equation (25)) is known

as critical stretch. Figure 11 implies that when the pressure increases to the cavita-
tion p∗max, the void will grow unstably, even though pressure starts to decrease. If
the applied pressure decreases more than the pressure indicated in Figure 11, the
void inflation may halt at certain point. If the pressure continues to increase or
even holds as a constant, the void will collapse. As wall thickness increases, the
cavitation pressure p∗max increases monotonically. At the extreme case of b0

a0
= ∞,

there is no cavitation pressure exists. However, it can be seen from the p∗−λθ ,a
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curve that the curve levels off at large stretch. This means that a small increment
of pressure can result in large deformation change, which means the void growth
become physically unstable. From equation (25), it can be derived that b0

a0
= ∞, p∗=

2.5. It implies that for any thickness of the wall, there exists an asymptotic value of
p∗, which is 2.5. For example, if the film’s shear modulus is 1 MPa, the maximum
cavitation pressure required is less than 2.5 MPa. This value is lower than the inter-
nal vapor pressure of 3.0-4.5 MPa generated at 240◦-260◦ C temperature range, as
shown in the preceding section. The exact determination of the soft film modulus
used is difficult, but the material testing results have shown that the film used has a
modulus of 1MPa [25].
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Figure 11: Normalized pressure of a spherical void with neo-Hookean material.

The normalized hoop stresses at inner are shown in Figure 12. The hoop stress in-
creases monotonically despite the fact of the pressure decreases after the cavitation
pressure is reached. This implies that as the applied pressure decreases, the over-
all structure is still under loading condition. Thus, the hoop stress continuously
increases. However, if the pressure decreases at a faster rate, the unloading may
occur, and the hoop stress may not increase. From this point of view, one may
derive two scenarios of failure mechanisms. In the first scenario, after the vapor
pressure exceeds the cavitation pressure, and vapor pressure does not drop as fast
as required for the unstable growth of the void, the void will burst eventually due to
the hoop stress exceeding the material strength. In another scenario, even though
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the cavitation pressure is reached, it is possible that the void growth will stop when
the pressure falls faster. In this case, the hoop stress may not exceed the material
strength to cause the material collapse. 
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Figure 12: Normalized hoop stress of a spherical void at inner surface with neo-
Hookean model.

In the Mooney–Rivlin model, there are two material constants C1 and C2. There-
fore, the qualitative behavior of the voids with Mooney-Rivlin model is more com-
plex. The coefficient of asymmetry k represents the ratio of two material constants
C2 and C1. Figure 13 shows the pressure as function of stretch for different wall
thicknesses with k =0.1. The inflation pressure response exhibits both maxima and
minima for a smaller thickness. It is seen that the cavitation pressure corresponds
to two equilibrium states. The void growth will experience an unstable inflation if
the pressure holds as a constant. However, to keep the void grow further, additional
load is needed. If the pressure increases again monotonically, the void void will
grow stably until collapse occurs. The Mooney–Rivlin model can capture the infla-
tion phenomenon of void more accurately according to the experimental study of
Beatty [33]. According to the Mooney–Rivlin model, a second stable deformation
may be attained after the maximum, instead of a gradual decrease in pressure. For
the thicker wall, the cavitation pressure may not exist, but the void growth tends to
become physically unstable since the curve in Figure 13 levels off, which means
a small pressure increase leads to a large increase in stretch, and eventually will
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cause the hoop stress to exceed the material strength, as shown in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Normalized inflation pressure of a spherical void with different 
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Figure 13: Normalized inflation pressure of a spherical void with different b0
a0

with
Mooney–Rivlin model (k= 0.1).
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Figure 14: Normalized hoop stress of a spherical void with different b0
a0

with
Mooney–Rivlin model (k= 0.1).
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5 Discussions and Concluding Remarks

An important consideration in the selection of materials in microelectronic devices
is the cohesive strength of the adhesive film as it relates to the stress in the device
induced by mechanical/material/moisture effects. If any of the materials in the
device have lower cohesive strength than the stresses imposed during reflow there
would be a risk of cohesive failure during reflow. However, the soft materials have
to be used in many instances for several purposes: 1) compliant material serves as
“stress buffer” to relieve the overall stresses in the structure; 2) some manufacture
process requires compliant materials; and 3) the implementation of soft films can
increase the compliance of overall structures. As the device integration continues
to go on, the design window for material selection becomes very narrow. The exact
mechanics analysis becomes important.

In the present study, a continuum mechanics theory for the multi-field problems
in encapsulated microelectronic devices is developed. The effective stress concept
is employed to take the moisture vapor pressure into considerations. Vapor pres-
sure model based on a micromechanics analysis provides the relationship between
moisture diffusion and void volume growth. A continuum equation is derived for
void volume fraction evolution. Both vapor pressure and void volume fraction are
introduced as field variables, which are coupled with moisture diffusion, material
deformation and heat conduction. Through the case study of the staked-die chip
scale packages, the vapor pressure as function of temperature in film is obtained
for different substrate thicknesses and different reflow profiles. The correlation
between peak vapor pressure and the film rupture has been established, and the
results are consistent with the experimental observations. It is found that the va-
por pressure initially increases just the same as the saturated vapor pressure when
temperature rises. However, at the certain point or temperature vapor pressure may
start to fall due to insufficient residual moisture in the film.

Through a single spherical void model analysis, it has been found that the cavitation
pressure is at most of the 2.5 times of the shear modulus of film. When cavitation
pressure is reached, if the vapor pressure continues to increase, the void will col-
lapse. If the vapor pressure starts to fall, but above the curve predicted in Figures 11
and 13, the void will enter the unstable growth phase, and the rupture will occur. If
the vapor pressure falls faster, the unstable void growth will be arrested at the cer-
tain point. For Mooney–Rivlin model, since there are two material constants, the
qualitative behavior of the voids with Mooney-Rivlin model is more complex. As
a result, it is seen that after the cavitation inflation pressure is reached, there exists
two equilibrium states that the void will experience an unstable growth. However,
the void growth may stop if the pressure does not increase further. In either case,
when pressure starts to fall, the hoop stress continues to increase. Eventually it is
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the hoop stress that exceeds the material strength to cause the collapse of the voids.
It is interesting to notice that the strain energy of the void continues to increase even
the structure is unloaded during the fall of the pressure, as shown in Figure 15. This
implies that the increase of the surface area in voids due to the large deformation
will actually increase the total load subjected to the void even though the pressure
falls.
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Figure 15: Strain energy of a spherical void with neo-Hookean model.

Wafer level lamination is a new process to replace the traditional adhesive paste
process. When adhesive paste is applied, the adhesive modulus is generally greater
than 50MPa, therefore the cohesive failure has never been a concern. Instead, the
failure always occurs at the interface [Fan et al. (2008)]. However, for the film
with modulus at high temperature in the range of the saturated vapor pressure (less
than 5 MPa at 260˚C), the residual moisture concentration and the peak temperature
become the most critical factors to determine the peak pressure. There are several
solutions to address moisture-induced soft film rupture problems: 1). minimize the
substrate thickness and design of the substrate to allow a direct moisture path out
of the film; 2). change the film to one with higher cohesive strength and relatively
lower diffusivity; and 3). adjust the heating profile to allow sufficient time for
moisture to escape from the device.
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