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Abstract 
3D chip scale package (CSP) is one of the major trends in 

IC packaging with the application of wafer level films (WLF) 
for die-to-die or die-to-substrate attachment. However, the 
WLF failures (voiding/cracking) are often observed in 
moisture sensitivity test. Substrate thickness and reflow 
profile were found very sensitive to the WLF failure rate. To 
investigate the sensitivity of the substrate thickness and the 
reflow profile, a novel direct concentration approach (DCA) 
is developed in this study, which allows updating the 
interfacial continuous condition as the function of the 
temperature and humidity. The paper also develops a 
simplified micromechanics-based vapor pressure model to 
visualize the whole-field vapor pressure corresponding to the 
instantaneous moisture distribution. With the applications of 
the DCA and the simplified vapor pressure model to a 3D 
ultra-thin stacked-die CSP, it was found that the moisture 
transport and escape during the reflow is the root cause of the 
WLF failures. A small reduction of the substrate thickness 
and an in-situ baking during the reflow can reduce greatly the 
moisture concentration and the vapor pressure at the bottom 
film, and therefore significantly decrease the WLF failure 
rate. 

 

Introduction 
3D chip scale package (CSP) is one of the major trends in 

IC packaging. Wafer level films (WLF) has been widely used 
for die-to-die or die-to-substrate attachment because of its 
compactness, reliability and process simplicity. However, The 
WLF failures (voiding/cracking) were often found after the 
moisture sensitivity test, in which the soaking and the reflow 
processes are involved. The WLF failures jeopardize the 
package reliability by the current leakage or electrical open 
due to the displacement and deformation of the metallization 
layer. They also provide the paths for the moisture ingression 
to cause the interconnection corrosion, which deteriorates the 
device reliability performance.  

Many experiments were performed to investigate the 
failure mechanism of WLF voiding/cracking. The substrate 
thickness and the reflow profile were found very sensitive to 
the voiding/cracking behavior and the WLF failure rate [1-3]. 
Small change of the substrate thickness could induce the 
significant difference of the failure rate. Different failure rate 
occurred after the reflow process with the different reflow 
profiles, though all the reflow profiles meet the JEDEC 
standard. Fundamental understanding of the sensitivity of the 

substrate thickness and the reflow profile on the WLF 
voiding/cracking is therefore necessary. 

Moisture is believed to play an important role for the WLF 
failures. To investigate the sensitivity of the substrate 
thickness and the reflow profile, the understanding of the 
moisture redistribution and transportation in the CSP during 
the reflow is essential. The existing normalization approaches 
are efficient to develop the moisture diffusion modeling in the 
soaking process at the constant ambient temperature and 
humidity conditions [4, 5]. However, such approaches can not 
be applied to perform the moisture diffusion modeling during 
the reflow process at varying ambient temperature and 
humidity conditions, because the solubility and the saturated 
moisture concentration of materials change with the 
temperature and time. 

The moisture is vaporized during the reflow and as a 
result the large vapor pressure is generated, which is the 
dominant driving force for the WLF failures. The knowledge 
of the vapor pressure evolution is the key to understand the 
failure mechanism due to the moisture vaporization. One way 
to obtain the vapor pressure distribution and evolution is the 
vapor pressure modeling. Many vapor pressure models were 
reported to implement the vapor pressure modeling, such as 
the micromechanics-based model [6-14]. The 
micromechanics-based model is widely used because it links 
to the intrinsic moisture property of the material and indicates 
more straightforward vapor pressure physics in the 
microscopic level. 

This paper presents a novel direct concentration approach 
(DCA), which can allow updating interfacial continuous 
condition as the function of the temperature and humidity. 
This paper also develops a simplified micromechanics-based 
vapor pressure model to derive the vapor pressure distribution 
and evolution as a function of the temperature, time and local 
moisture concentration. Based on the above development of 
the moisture diffusion and vapor pressure modeling, the 
sensitivity of the substrate thickness and the reflow profile in 
the 3D ultra-thin stacked-die CSP is investigated. The 
competing effects between the temperature rise and the local 
moisture concentration drop on the non-monotonic evolution 
of the vapor pressure during the reflow are discussed.  The 
design guidelines for optimizing the substrate dimensions and 
the reflow profile are provided.  

 

Direct Concentration Approach—Moisture Diffusion with 
Varying Ambient Temperature and Humidity 

Moisture concentration is discontinuous across the 
material interface, when the two materials which have the 
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different saturated concentration Csat are jointed [4]. The 
interfacial discontinuity can be removed by normalizing the 
field variable. Galloway et al. developed an approach called 
partial pressure approach [4] with a new variable φ, which is 
defined by 
φ = C / S                                                                                (1) 
where φ is the partial pressure, C is the moisture 
concentration and S is the solubility. The solubility S is the 
material property and the function of the temperature.  

This normalization approach is efficient to perform the 
moisture diffusion modeling during the soaking at the 
constant ambient temperature and humidity conditions, with 
the governing differential equation using the thermal-moisture 
analogy methodology 
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and the interfacial continuity 
C(1) / S1 = C(2) / S2                                                                  (3) 
where x, y, z are coordinates, D is the moisture diffusivity, t is 
the time, C(1) is the moisture concentration at the interface on 
the material 1 (Mat1) side, C(2) is the moisture concentration 
at the interface on the material 2 (Mat2) side, S1 and S2 are the 
solubility of the Mat1 and Mat2 respectively. 

Wong et al. [5] introduced the wetness fraction approach 
with an alternative variable w (wetness), which is defined as 
w = C / Csat                                                                            (4) 

The w is also continuous at the interface because the 
saturated moisture concentration Csat is related to the 
solubility S by 
S = Csat / pext                                                                          (5) 
where pext is the ambient vapor pressure at the given thermal 
and humid conditions. The wetness fraction approach is also 
efficient to perform the moisture diffusion modeling during 
the soaking.  

However, when the temperature T varies with the time t, 
the solubility S as a function of the temperature T becomes 
dependent on the time t. The governing differential equation 
becomes 
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The similar issue occurs in the wetness fraction approach. 
This implies that the normalization approaches can not be 
used to develop the moisture diffusion modeling correctly 
even for a homogeneous material when the ambient 
temperature and humidity vary (such as reflow process), if 
using the typical governing differential equation with the 
thermal-moisture analogy methodology. 

In order to accurately perform the moisture diffusion 
modeling with the varying temperature and humidity, a direct 
concentration approach (so-called DCA) is introduced in this 
paper. Different from the normalization approaches, the 
moisture concentration C is directly used as the basic field 
variable, which is always continuous in each bulk of 

materials. Therefore, the typical governing differential 
equation can still be used, but the solubility D is dependent on 
the temperature T and the time t, which is given by 
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However, C is discontinuous at the material interface. 
Additional treatment is necessary to ensure the following 
interfacial continuous conditions 
C(1) / S1(t) = C(2) / S2(t)                                                          (9) 
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where D1(t) and D2(t) are the moisture diffusivity of the Mat1 
and Mat2 respectively, and n is the normal direction of the 
location at the interface. Eq. (10) is the requirement for the 
moisture flux continuity. The solubility and diffusivity of all 
the materials are the functions of the temperature T, and thus 
dependent on the time t. 
 

Simplified Micromechanics-based Vapor Pressure Model 
The DCA is introduced above to develop the moisture 

diffusion modeling with the varying temperature and 
humidity conditions in the macroscopic level. To estimate the 
vapor pressure in the porous spaces, where the moisture 
condenses into the mixed liquid-vapor phase or the single 
vapor phase, the vapor pressure model should be considered 
in the microscopic level. In the microscopic level, the 
attention is focused on what happens at a mathematical point, 
which is a representative elementary volume (REV) around 
any considered point in the porous medium domain [7]. 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 phase and the porous phase, and the 
moisture content in this representative volume is obtained as 
the moisture concentration from the moisture diffusion 
analysis in the macroscopic level. Furthermore, both the solid 
phase and the porous phase are assumed to be more or less 
evenly distributed within the REV. Therefore, the interstitial 
space fraction f (or free volume fraction), which is considered 
as the intrinsic material property, can be introduced. Fan et al. 
[13] developed a micromechanics-based vapor pressure 
model, in which three distinct cases are identified to describe 
the moisture states in the pores. In the following, a vapor 
pressure model that greatly simplifies the original vapor 
pressure model [7] will be introduced, but the exact same 
results can be obtained. The new model to be presented does 
not need to relate the current moisture state to a reference 
moisture state. 

The instantaneous moisture density ρ in the pores is 
defined as [7] 
ρ = C / f                                                                               (11) 
When the moisture density ρ is less than the saturated water 
vapor density ρg, the moisture is in the single vapor phase, 
and the vapor pressure can be calculated with the ideal gas 
law as follows 

C
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where R is the universal gas constant, MMH2O is the molecular 
mass of water. 
When the moisture density ρ is more than the saturated vapor 
density ρg, the moisture in the pores is in the mixed liquid-
vapor phase, and the vapor pressure stays as the saturated 
water vapor pressure as follows 
p(T) = pg(T), when C(T) / f ≥ ρg(T)                                      
(13) 
where pg is the saturated water vapor pressure. Fig. 1 
illustrates the two distinct moisture states in the pores, which 
can fully describe the instantaneous moisture states in the 
pores. 

 
Fig. 1: Two distinct instantaneous states of the moisture in the 
porous material 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Numerical Implementation of Moisture Diffusion and 
Vapor Pressure Modeling 

Since the moisture diffusion modeling is considered at the 
conditions of the varying temperatures and humidity, the 
moisture field and the temperature field should be coupled. 
Although the duration of the reflow is short comparing with 
the duration of the soaking, the effect of the temperature field 
on the moisture diffusion and redistribution can not be 
neglected during the reflow. In order to perform the fully 
coupled thermal-moisture modeling, the “MASS 
DIFFUSION” analysis type is used in the commercial finite 
element analysis (FEA) software of ABAQUS for the 
moisture diffusion modeling. The adoption of this analysis 
type can guarantee Eq. (8) to be remained as the governing 
differential equation. The temperature field of the moisture 
diffusion modeling is obtained from the “HEAT 
TRANSFER” analysis type. All the material properties can be 
input as the functions of the temperature. 

 

 
Fig. 2: Special treatment at the interface of the direct 
concentration approach 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3: Implemental procedure of the advanced modeling approaches for the moisture diffusion and vapor pressure
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When the DCA is applied, the special treatment should be 
implemented to ensure the interfacial continuous conditions, 
as shown in Eqs. (9) and (10). Two separate sets of nodes are 
applied at the bi-material interface to represent the 
discontinuity of the moisture concentration, as shown in Fig. 
2. The constraint equation or the multi-point constraint (MPC) 
is applied for each pair of nodes based on the Eq. (9) to join 
two materials together. The constraint equation is given by 
C(1) / C(2) = S1(t) / S2(t)                                                        (14) 
According to the variational principle, Eq. (10) will be 
automatically satisfied through the finite element formulation 
procedure as long as the Eq. (9) is guaranteed. 

Because the solubility of all the materials varies with the 
temperature and the time, the interfacial continuous equations 
also vary with the temperature and the time. However, most 
of the available commercial software does not allow 
automatically updating the constraint equation for the 
different steps. In order to update the interfacial continuous 
conditions, each time when the continuous conditions change, 
a new job should be submitted with the final moisture 
condition of the previous step as the initial moisture condition 
of the new step. 

From the simplified vapor pressure model described 
above, the vapor pressure is also a whole-field distribution 
and is a simple transformation from the local moisture 
concentration as long as the interstitial space fraction f is 
known. A FORTARN subroutine is written for ABAQUS to 
compute the value of vapor pressure and display the contour 
of vapor pressure at each increment. The contours of both the 
moisture distribution and the vapor pressure can therefore be 
output and visualized. Fig. 3 describes the whole implemental 
procedure of the moisture diffusion and vapor pressure 
modeling. 

Modeling Applications in the 3D Ultra-thin Stacked-die 
Chip Scale Package (CSP)  

The DCA and the simplified vapor pressure model can be 
applied to the various types of package. The 3D ultra-thin 
stacked-die CSP is adopted to study the distribution and 
evolution of the moisture and the vapor pressure in the 
package during the preconditioning and investigate the 
moisture-induced failure mechanism of WLF. The CSP 
composes molding compound (MC), silicon die, film, solder 
resist (SR) and BT core, as shown in Fig. 4. Half package is 
modeled due to the geometry symmetry. 2D model is adopted 
for the simplicity. Fig. 4 shows the shortened package with 
the typical structure. In the previous study, most WLF failures 
were found to occur in the bottom film. Therefore, the study 
of the failure mechanism focuses on the bottom film in this 
paper. The material properties used in this paper were 
measured by in-situ moisture absorption method and were 
detailed in Ref. [15]. 

 
Fig. 4: The schematic structure of the 3D ultra-thin stacked-
die chip scale package 

I. Effect of Substrate Thickness 
The substrate thickness was found sensitive on the failure 

rate of the bottom film. To investigate the sensitivity and 
achieve the failure-free in the package, advanced modeling 
approaches were applied to the packages with the thin 
substrate and the thick substrate. The contours of the moisture 
concentration with two different thickness substrates under 
the reflow profile1 at 260oC are shown in Fig. 5. The reflow 
profile1 is shown in Fig. 6. The moisture inside the MC and 
all the films except the bottom film with the thin substrate is 
similar as that with the thick substrate, while the moisture 
inside the bottom film with the thin substrate is much less 
than that with the thick substrate. A significant amount of 
moisture inside the bottom film is released through the 
substrate during the reflow. The moisture diffusion path with 
the thin substrate is shorter than that with the thick substrate, 
therefore more amount of the moisture was remained inside 
the bottom film of the package with thick substrate as 
compared to that with thin substrate. The moisture 
concentrations at the outmost point of the substrate/film 
interface are 0.71kg/m3 and 1.55kg/m3 respectively for the 
thin and thick substrate, as shown in Fig. 5. The moisture can 
be reduced by 118.31% during reflow for the thin substrate. 
Fig. 7 shows the whole moisture updating histories during the 
reflow process from 60oC to 260oC at the outmost point of the 
substrate/film interface for the thin and thick substrate. The 
moisture in the package with the thin substrate is always less 
than that with the thick substrate, and the largest moisture 
difference occurs around 230oC~250oC. The modeling results 
show that the substrate of the ultra-thin CSP is almost the 
only path for the moisture release during the reflow. It is 
totally different from the ‘regular’ packages with the much 
thicker substrate, in which the moisture release mainly occurs 
on the exterior of the packages and the moisture release in the 
die-attach film is negligible. 

 

 
Fig. 5: Moisture contours at 260oC of the package with (a) the 
thin substrate and (b) the thick substrate 
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Fig. 6: Reflow profile1 

 

 
Fig. 7: Moisture comparison between the applications of the 
thin substrate and the thick substrate 

 
The contours of vapor pressure at 260oC when f=0.05 for 

the thin and thick substrate are shown in Fig. 8. The vapor 
pressure inside the bottom film of the package with the thin 
substrate is much smaller than that with the thick substrate. 
The vapor pressures at the outmost point of the substrate/film 
interface for the thin and thick substrate under the reflow 
temperature of 260oC are 3.50MPa and 5.84MPa respectively. 
The vapor pressure can be reduced by 67.15% for the thin 
substrate. Fig. 9 shows the whole vapor pressure evolution 
histories during the reflow process from 60oC to 260oC at the 
outmost point of the substrate/film interface for two 
substrates. The vapor pressure of the package with the thick 
substrate is at the saturated level under the highest reflow 
temperature of 260oC, while the vapor pressure of the 
package with the thin substrate drops significantly. Around 
260oC, the vapor pressure with the thick substrate reaches to 
the peak value of about 6MPa, which is large enough to cause 
the WLF failures with the small material strength at the high 
reflow temperature. At such high reflow temperature, the 
thermal stress due to the coefficient of thermal expansion 
(CTE) mismatch and the hygro-stress due to the polymer 
swelling are limited, because the elastic modulus of the WLF 
is less than 3MPa, and a 10% elastic strain only generates 
0.3MPa stress. Therefore, the vapor pressure dominates the 
driving force, which causes the WLF failure at the high 
reflow temperature. 

The comparisons of the vapor pressure difference and the 
moisture difference are shown in Fig. 10. It is noted that the 
largest moisture difference does not occur at 260oC, while the 
largest vapor pressure difference occurs at 260oC. The largest 
vapor pressure difference of about 2.4MPa is large enough to 
cause the different failure rate on the bottom film between the 
two substrates. Therefore, the application of the thin substrate 

can reduce the failure rate significantly or achieve the failure-
free in the 3D ultra-thin stacked-die CSP. 

 

 
Fig. 8: Vapor pressure generated at the highest reflow 
temperature of 260oC for the packages with (a) the thin 
substrate and (b) the thick substrate 

 

 
Fig. 9: Comparison on the vapor pressure during reflow 
process for the thin and thick substrate 

 

Fig. 10: Comparisons on the vapor pressure difference and 
moisture difference between the thin substrate and the thick 
substrate 
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II. Effect of Reflow Profile 
Reflow profile was also found to have significant effect on 

the failure rate of the bottom film in the previous study. Fig. 
11 shows the two different reflow profiles, both of which 
meet the JEDEC standard. The profile2 extends the ramp-up 
rate by adding a short time in-situ baking step comparing with 
the profile1. The contours of moisture concentration at 250oC 
with two reflow profiles are shown in Fig. 12. The moisture 
inside the MC and all the films except the bottom film with 
the profile2 is similar as that with the profile1, while the 
moisture inside the bottom film with the profile2 is less than 
that with the profile1, indicating that the in-situ baking can 
desorp more moisture through the substrate. The moisture 
concentrations at the outmost point of the substrate/film 
interface for the profile1 and profile2 are 1.11kg/m3 and 
0.73kg/m3, respectively. The moisture can be reduced by 
52.05% if using the reflow profile2. 

The contours of vapor pressure at 250oC with f=0.05 
under the profile1 and profile2 are shown in Fig. 13. The 
vapor pressures inside the MC and all the films except the 
bottom film are similar for the two profiles, while the vapor 
pressure inside the bottom film with the profile2 is much 
smaller than that with the profile1. The vapor pressures at the 
outmost point of the substrate/film interface for the profile1 
and profile2 are 4.83MPa and 3.53MPa respectively. The 
vapor pressure can be reduced by 36.88% if using the reflow 
profile2. 
 

 
Fig. 11: Reflow profile1 and profile2 

 

 
Fig. 12: Moisture contours at 250oC with the reflow (a) 
profile1 and (b) profile2 

Fig. 14 shows the whole vapor pressure evolution 
histories during the reflow process from 60oC to 260oC at the 
outmost point of the substrate/film interface for two reflow 
profiles. The vapor pressures with two reflow profiles are 
remained at the saturated level during the most of reflow 
process, while large vapor pressure difference occurs at the 
high reflow temperatures. The largest vapor pressure 
difference is about 1.3MPa at 250oC, which is large enough to 
cause different failure rate on the bottom film between the 
two reflow profiles. Therefore, the application of the reflow 
profile with the in-situ baking can significantly reduce the 
failure rate of the bottom film. 

 

 
Fig. 13: Vapor pressure at 250oC with the reflow (a) profile1 
and (b) profile2 
 

 
Fig. 14: Vapor pressure comparison between the reflow 
profile1 and profile2 
 

Conclusions 
Through the application of constraint equation at the 

material interface, the direct concentration approach (DCA) 
was developed to simulate the moisture diffusion at the 
conditions with varying ambient temperature and humidity. A 
simplified micromechanics-based vapor pressure model with 
the user-defined subroutine was established to determine the 
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whole-field vapor pressure corresponding to the instantaneous 
moisture distribution. 

Based on the developed DCA and simplified vapor 
pressure model, the following conclusions can be reached: 
A. The non-monotonic evolution of the vapor pressure 
because of the competing effects between the temperature rise 
and the local moisture concentration drop is responsible for 
the voiding/cracking of the WLF. 
B. The vapor pressure is not always proportional to the local 
moisture concentration. The vapor pressure increases 
exponentially with the saturated vapor pressure when the 
moisture inside the pores is in the mixed liquid/vapor phase, 
while decreases gradually when the moisture inside the pores 
is in the single vapor phase. Moisture concentration has 
significant effect on the value of vapor pressure at high reflow 
temperature.  
C. With the applications of the DCA and the simplified 
vapor pressure model to the 3D ultra-thin stacked-die CSP, 
the moisture transport and escape during the reflow is found 
to be the root cause of the bottom film failure. The substrate 
thickness and the reflow profile are sensitive to the failure 
rate of the bottom film. Applications of the thin substrate and 
the reflow profile with the in-situ baking can reduce the 
moisture concentration and the vapor pressure inside the 
bottom film significantly, and further reduce the failure rate 
and achieve the failure-free 3D ultra-thin stacked-die CSP. 
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