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1.4.4 Perform Parametric Analysis for Local Models 

The previous reports have outlined the modeling methodology, convergence studies, and 
the stress results along several paths in a via. This section in this report presents the 
results obtained from the parametric study on the effects of HDI spiral via geometry on 
via thermo-mechanical behavior. Figure 1.4.4.a illustrates the via geometry with 
parameters identified. All of the results presented in this section are obtained by 
modeling FR4/BCB/Copper, HDI structures. 
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Figure 1.4.4.a Via Geometric Parameters 

Via Angle 

Via walls can have varying inclinations. For this study, via angles ranging from 60° to 
105° were chosen. All of the results from the previous sections were analyzed with a via 
angle of 90°. Figures 1.4.4.b and 1.4.4.c illustrate the deformed shapes of a 75° angle and 
105° angle via structure, respectively. The 60° case is not shown, since it looks almost 
identical to the 75° case. 



Figure 1.4.4.b Deformed Shape of a 75° Angle Via Structure 

(displacements magnified 3 OX) 

Figure 1.4.4.C Deformed Shape of a 105° Angle Via Structure 

(displacements magnified 3 OX) 

The overall deformation of the via remains similar between all wall angles as seen in the 
above figures. The lower and upper corners where the via wall connects with the bottom 
and top capture pads are locations of interest based upon the deformed shaped observed. 
Figures 1.4.4.d through 1.4.4.g are a y y stress contour plots of the lower corners of a Level 
0 via, where Figure 1.4.4.d illustrates a 60° corner, Figure 1.4.4.e illustrates a 75° corner, 
Figure 1.4.4.f illustrates a 90° corner, and Figure 1.4.4.g illustrates a 105° corner. From 
Figures 1.4.4.d through 1.4.4.g, the outer corner stresses continue to decrease from about 
-196 MPa at 60° to about -146 MPa at 75° to about -120 MPa at 90° to about -82 MPa at 
105°. This is to be expected as the angle increases, the stress concentration decreases. 
Examination of the inner corner in Figures 1.4.4.d through 1.4.4.g yields opposite results. 
As the outer angle increases, the inner angle decreases which increases the stress 
concentration. While the inner angle of the 105° wall is 75°, the stresses inner corner are 
larger than the stresses in the outer corner of the 75° case. As explained in the previous 
chapter, the inner corner typically has more compressive stresses because this segment is 
surrounded by dielectric material on both sides, whereas the outer corner has dielectric on 
one side and copper pad on the other. These stresses were chosen because they are 
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responsible for via delamination and cracking of the walls. The largest compressive 
stress occurs in the 60° case. Assuming that Copper yields in compression at similar 
values as it does in tension (190 MPa), there is yielding in this case with a maximum 
compressive stress of 209 MPa. 

Figure 1 AAA o y y Stress Contour Plot of the Lower Corner of a Level 0 Via with 60° 

Wall Angle 



Figure 1.4.4.e Oyy Stress Contour Plot of the Lower Corner of a Level 0 Via with 75° 

Wall Angle 
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Figure 1.4.4.g a y y Stress Contour Plot of the Lower Corner of a Level 0 Via with 105° 

Wall Angle 

The other area of focus with respect to the wall angle is the corner where the top 
capture pad and via wall intersect. Figures 1.4.4.h and 1.4.4.i are a y y stress contour plots 
of this region for the 60° and 105° cases, respectively. Again, this is a region of concern 
for via cracking. This corner produces the highest stress gradient for the 105° angle wall, 
while this location for the 60° case experiences relatively a low stress gradient. This can 
be explained because prior to deformation, the 105° angle wall produces a 75° corner 
whereas the 60° angle wall produces a 120° corner. The sharper corner of the 105° wall 
angle introduces the large gradient observed in Figure 1.4.4.i. The gradient in the corner 
for the 60° wall is -20 MPa to -70 MPa and the gradient for the 105° wall is -12 MPa to -
176 MPa in the same region. 
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Figure 1-4.4.1 Stress Contour Plot of the Upper Corner of a Level 0 Via with 105° 

Wall Angle 

3.3.4 Develop Parametric Models for Solder Joint Voids 

Using the methodology outlined in the previous report, as a first step, the die stress values 
obtained through the models were compared against experimental data. The models 
assume that the assembly is stress-free at cure temperature and determined the die stresses 
as the assembly is cooled from cure temperature to room temperature. The models 
consist of substrate, silicon die, solder interconnects, solder mask and copper pedestal. 

Organic Substrate 

Figure 3.3.4.a: Flip-Chip Geometry 

Figure 3.3.4.b: Flip Chip Geometry (Detail) 

Preliminary thermal simulations showed that all the flip-chip components reached the 
surrounding temperature quickly (compared to the "rise" time of the thermal shock 
cycle). This suggests that transient thermal gradients have minimal effect on the thermal 
stress/strain fields and consequently on package reliability and can therefore be ignored. 
As a result a uniform, time-dependent temperature has been applied as body force to all 
the nodes of the package. 

The geometry was meshed using an 8-node two-dimensional solid element with plasticity 
and large deformation capabilities. Typical models have about 12000 nodes. The 
geometry of the assembly is shown in Figure 3.3.4.a. A more detailed view of the FEA 
model is shown in Figure 3.3.4.b. 
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By taking advantage of the package symmetry the model size is reduced by half. The 
boundary conditions that have been applied to the model are as follows: All the nodes at 
x=0 have been constrained so that Ux=0. Also one of the nodes at that particular cross-
section has been constrained in the y-direction as well (Uy=0), in order to prevent rigid 
body motion of the package. 

Model Validation 

In addition to the experimental data available through this program, the stress results 
obtained from other researchers [PETE97] were used as well to validate the models. 

When the assembly is cooled from underfill cure temperature to room temperature, the 
FR4 board and the underfill/solder region, due to their higher CTE, shrinks more than the 
die resulting in a downward warpage. The higher CTE of the FR4, underfill, and solder 
results in an axial compressive stress at the active side of the silicon upon cooling; in 
addition, the warping down of the assembly adds additional bending compressive 
stresses. Figure 3.3.4.C shows the warped silicon die with predicted axial stress contours 
at room temperature (20 °C) by cooling down from a stress-free cure temperature of 160 
°C. 

3X (AVC) 
M Y M 
OKX - . 0 2 1 9 7 3 
RMN « - 7 7 . 5 0 7 
SHX =5*.£97 

Figure 3.3.4.c: Stress contour ( ) at the end of curing process. 

As seen, most of the active side of the die experiences axial compressive stresses. 

Figure 3.3.4.d presents the comparison between experimental data and numerical 
prediction of axial stresses at the active side of the die along a line parallel to the die. As 
seen, the predicted values are in excellent agreement with the experimental data. 
Although extreme care was taken in modeling the actual assembly as close as possible 
with several convergence studies and representing the material behavior to the best extent 
possible using the available data, the agreement in numerical values is not as significant 
as the agreement in trends. 



IN-PLANE COMPRESSIVE STRESS AFTER UNDERFILL 
PROCESS 
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Figure 3 . 3 . 4 . d: In-plane compressive stress at the end of the underfill process. 
Arrows represent approximate error bars. 
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1.4.4 Perform Parametric Analysis for Local Models 

In continuation with the previous report where the role of via angle on via stresses was 

studied in detail, this section focuses on the role of via diameter and via wall height on 

via stresses. Figure 1.4.4.a illustrates the via geometry with parameters identified. 

Figure 1.4.4.a Via Geometric Parameters Defined 
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Via Diameter Effects on Via Stresses 

Figure 1.4.4.b Deformed Shape of Level 0 Via (2 mil diameter- 30X magnification) 

99 

For this study, via diameters ranging from 2 mil to 8 mil were chosen. The smaller 2 mil 

diameter vias represent a state-of-the-art laser process, whereas the others are 

representative of average via diameters of HDI vias currently in use. While larger via 

diameters are available, the miniaturization trends in electronic packaging call for the 

smaller via diameters studied here. 

Figures 1.4.4.b and 1.4.4.C are illustrations of the deformed shape of a Level 0 via for 

the 2 mil diameter via and the 8 mil diameter via, respectively. A comparison between 

the two figures shows that the .2 mil via is much more stiff than the 8 mil via. Even 

though the metallization thickness and via wall thickness' are equal, the larger distance 

between the via walls allows for larger deflections through the via bottom. 



Figure 1.4.4.C Deformed Shape of Level 0 Via (8 mil diameter- 30X magnification) 

Figure 1.4.4.d is a plot of the CTxx stresses along the capture pad/core interface. From 

this plot, it is evident that there is practically no difference in these stresses as a result of 

increasing diameter. 

120 
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Figure 1.4.4.d Comparison of a x x Stresses Along Path 1 
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Figure 1.4.4.e is a plot of the a y y stresses through the height of the right Level 0 via wall 

along path 11. As seen in this plot, the o y y stresses are primarily independent of the via 

diameter. 

o r o.e 

N o r m a l i z e d W a i t H e i g h t ( y / h ) 

Figure 1.4.4.e Plot of the a y y stresses along path 11 

With the analysis of the effects of via diameter completed, the next section will present 

the effects of via wall height on via stresses. 
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1.4.4 Perform Parametric Analysis for Local Models 

IN CONTINUATION WITH THE PREVIOUS REPORT WHERE THE ROLE OF VIA ANGLE ON VIA STRESSES WAS 

STUDIED IN DETAIL, THIS SECTION FOCUSES ON THE ROLE OF VIA DIAMETER AND VIA WALL HEIGHT ON VIA 

STRESSES. FIGURE 1.4.4.A ILLUSTRATES THE VIA GEOMETRY WITH PARAMETERS IDENTIFIED. 

Figure 1.4.4.a Via Geometric Parameters Defined 

Effects of Via Wall Thickness on Via Stresses 

98 



As seen in Figure 1.4.4.a, the via wall thickness is defined as the perpendicular distance 
between the outer and inner edge of the via wall. It is also defined as the thickness between 
the inner edge of the via bottom and the top of the capture pad. Figure 1.4.4.b is a plot of 
the CTxx stresses through the center of the height of the Level 0 via wall along path 5. The 
tiiinner walls exhibit tensile O x x stresses through the thickness of the via wall, however the 
thicker walls exhibit tensile distributions near the edges and compressive stresses at the 
center. This can be explained as these stresses are a result of the contraction of the dielectric 
material on both sides of the walls. For the thicker walls, the effects of the pulling on the 
Copper by the shrinking dielectric material is a local effect isolated near the outer edge. Also 
as the amount of Copper increases with increasing thickness in the proximity of FR4, due to 
the positive CTE mismatch (FR4's CTE being larger than the CTE of Copper), compressive 
stresses develop in the copper. 
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N o r m a l i z e d W a l l T h i c k n e s s ( x / t ) 

Figure 1.4.4.D a x x Stress Distribution Through the Center of the Height 

of the Level 0 Via Wall 

Figure 1.4.4.c is a plot of the a > 7 stresses through the center of height of the right Level 0 

via wall along path 5. Again, the thinner walls exhibit a linear relationship while the thicker 

walls exhibit a non-linear relationship. The thicker walls provide a stiffer via structure which 

reduces the bending of the wall, thus the stresses along the edges are more compressive 

along the outer wall and less compressive along the inner wall. Figure 1.4.4.d is a 

comparison of the stresses at the center of the via wall along this path. From this figure, the 

stresses at the center of the wall decrease with an increase in thickness as expected. 
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N o r m a l i z e d V i a H e i g h t ( y / h ) 

Figure 1.4.4.C G Y Y Stress Distribution Through the Center of the Height 

OF THE LEVEL 0 VIA WALL (PATH 11) 

1 0 1 



Figure 1.4.4.d Comparison of the a y y Stresses at the Center (62.5%) of the Right Level 0 
Via Wall 
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3.3.4.1 and 3.3.4.2 Determine Detailed Geometric Shape and 
Solder Joints 

Assemblies consisting of ATC 4.1 flipchips were microsectioned to obtain 
detailed dimensions of the solder joints. Dimensions were measured from 
several micro-sectioned solder bumps, and Figure 3.3.4.1.a shows the schematic 
of a typical cross-sectioned bump with dimensions. As seen, a typical bump has 
130 micron diameter with a standoff height of about 103 microns. The Cu trace 
is about 25 micron high, while the solder mask thickness is about 36 microns. 
The pad diameter at the silicon side is about 58 microns, while the trapezoidal 
copper trace is 73 micron wide near the substrate and 50 micron on the top. As 
seen in Figure 3.3.4.1.a, the solder wets around the copper creating a wedge 
shaped section at the bottom. 

Figure 3.3.4.1.a Cross-Section of a Representative Solder Bump 

Figure 3.3.4.1.b shows the plane-strain model of the solder bump. As seen, the 
model accounts for all fine features of the assembly and includes the silicon die, 
the printed-circuit board, the solder mask, the copper trace, the solder bump, and 
the underfill. Similarly, a generalized plane-deformation model was created 
taking into consideration all fine features of the assembly, as shown in Figure 
3.3.4.1.C. It should be emphasized that the plane-strain model is a 2D cut-
section model indicating the geometry is essentially the same along the axis 
perpendicular to the plane of the paper. Of course, such a representation is 
incorrect, as the solder joints are typically spherical with circular pads at the top, 
and are placed in a grid form with interspersed underfill material. The "strip-like" 
generalized deformation model, on the other hand, due to its three-dimensional 
nature, does not make such a geometric assumption and is computationally more 
efficient than a full-scale three-dimensional model. The plane-strain models also 
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1.4.3 Develop Parametric Local Models Near Critical Fine Features 

Motivation 

The rapid growth in research and development efforts devoted to Multi Chip 
Modules (MCM) is a direct consequence of the density and performance 
limitations inherent in single-chip modules. To be able to keep pace with the 
large scale IC integration, MCM/High Density Interconnect (HDI) solution is being 
increasingly pursued. The rapid growth in HDI technology has put severe 
demands on packaging in terms of increased wiring density and denser via 
structures, without increasing the signal delays, simultaneous switching noise, 
etc. 

Typically, multi-level thin film structures may be broadly classified into two 
categories: (i) Filled vias or studs (stacked), and (ii) un-filled vias (spiral or 
staircase). Unfilled vias demand that the vias be staggered in successive levels 
during the thin-film fabrication, thereby consuming wiring channels, as a specific 
amount of area is required for each via offset location. The number of available 
full shielded wiring channels is reduced, resulting in partially shielded lines which 
are subject to electrical interference (coupled noise) and non-uniform 
characteristic impedance. On the other hand, stud structures are ideal since they 
impose the least number of restrictions during the wiring lay-out due to reduced 
area consumption, and therefore offer better electrical performance 
characteristics (lower voltage drop, less inductive power paths, increased 
switching capabilities, etc.). However, stud vias suffer from dimple formation 
between the vias during fabrication. 

The thermo-mechanical reliability of the HDI structures is of concern, as they are 
susceptible to possible delamination, excessive warpage, or via cracking under 
thermal loading during manufacturing and/or in-service conditions. With their 
intricate geometrical configurations, it would not be cost-effective to wait until 
substrate fabrication to discover that the design suffers from some reliability 
problems. Therefore, it is imperative to create a comprehensive model that can 
predict up-front various thermo-mechanical reliability problems and aid in the 
selection of suitable materials, geometry parameters and processing conditions 
even before any prototype is built and tested. 

This task focuses on predicting the stress distribution within the interconnect 
vias. A non-planar interconnect structure utilizing spiral vias is considered. The 
reliability of an individual via in such a substrate must be extremely high; 
otherwise one must face the potentially costly alternative of building a large 
degree of redundancy into the MCM. 

Significant thermal stresses in the vias during temperature excursions are 
caused due to the higher CTE mismatch between the dielectric layers, 
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metallization layers, and the base substrate. Therefore, it is important to identify 
a manufacturable, cost-effective, and electrically acceptable via shape that will 
reduce the stress attributable to the CTE mismatch. Also, it is important to 
understand the role of base layer thickness, via location, via wall thickness, via 
diameter, via pitch, via angle, via height, etc. on via reliability. 

Geometric Modeling 

Global Model 
A Global-local finite element modeling approach has been developed to 
determine the substrate warpage and the stresses in interconnect via structures. 
For the warpage studies, a single-sided HDI substrate model was created with 
the X and Y signal layers, the ground and power planes and the top surface 
metallurgy, with insulating polymer dielectric in between (see Figure 1.4.3.a). 
The electrical connection between the layers is accomplished with a spiral via 
structure. 

The size of the HDI structure is typically four to five orders of magnitude larger 
than that of the via geometry. Therefore, any finite-element mesh that is fine 
enough to capture the local stresses within vias may be too large from a 
computational perspective; and on the other hand, any coarse mesh that is able 
to capture the global behavior may be inadequate to capture the stresses within 
a via geometry. Also, vias which are located more than one via diameter away 
have minimal influence on the behavior of the particular via of interest, thus it is 
not necessary to use a fine mesh throughout the HDI structure. For these 
reasons, this study used a two-step global-local approach. 

Three types of two-dimensional global models were implemented in this study. 
Figure 1.4.3.a shows a global model for a HDI structure that has thin-film 
interconnects on one side of the substrate. Only the right half of the geometry 
was modeled making use of the symmetry. It should be mentioned here that a 
real HDI structure is not symmetric about any axis, and that the via chain 
structures vary by application and wiring density needs. In the model shown in 
Figure 1.4.3.a, alternate layers of metallization and dielectric have been 
represented with at least two rows of elements for each layer. This global model 
does not include any intricate via shapes, as the focus in using this model was to 
determine global displacements. This geometry was finely discretized using 
1600 two-dimensional plane strain 8-node quadrilateral elements. Each layer in 
the global model contained two rows of elements. As the primary focus was to 
gain preliminary understanding of the stress distribution in the HDI structure, a 
2D analysis will be done instead of a 3D comprehensive analysis that is 
computationally prohibitive. 

Another model has been developed with the interconnect vias (20000 elements), 
where the actual HDI via configuration was approximated by staggering element 
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material properties to resemble a spiral via pattern, Figure 1.4.3.D. Although the 
latter model is a closer representation of the actual HDI structure, this model 
contained at least 12.5 times more elements and would typically take 24 times 
longer to solve. On close examination of the global displacements, it was seen 
that the warpage predicted by the model shown in Figure 1.4.3.b was about 5% 
less than the warpage predicted by the model shown in Figure 1.4.3.a due to 
increased volume content of copper in upper layers and thus a reduction in 
overall CTE mismatch. Additional discussion on warpage is presented in 
subsequent sections. As the difference in warpage was less than 5% and that 
the model in Figure 1.4.3.a provided a conservative estimation, it was decided to 
use that model for all global simulations. Double-sided HDI structures were also 
studied. Figure 1.4.3.C shows the global model for a double-sided HDI structure. 
Again, these models contained no via geometries. 

Submodel Cut Section 
Figure 1.4.3.a Global model without vias (local model cut section illustrated). 

All global models contained eight-node isoparametric rectangular elements with 
two degrees of freedom per node. The HDI layers in all models contained two 
rows of elements through the thickness with the base layer or core also 
containing two rows through its thickness. There were 100 elements along the 
length of the substrate, in all models except for the global model with vias where 
there were 1250 elements along the length. 

Local Via Model 
The "submodeling" technique was used to perform studies to determine the 
effects of various parameters on stress distributions in via structures using the 
results from the warpage studies. This approach enables one to isolate a region 
from the global model, and then refine the mesh to be able to determine the local 
stress/strain contours more efficiently. The displacements along the submodel 
cut section, shown in Figure 1.4.3.a, from the global model are applied as 
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boundary conditions at the boundary of the local model, and the local model is 
then subjected to the same thermal load step as the global model. 
A detailed via geometry of the local model containing the interconnect vias and 
capture pad is shown in Figure 1.4.3.d. A 2mm section local model at the center 
of the half-geometry will be created in order to isolate the edge effects on the via 
stack of interest. The local model has been discretized using 20262 eight-node 
quadrilateral and six-node triangular plane strain elements. A fine mesh was 
created inside/adjacent to each via, while the rest of the submodel was meshed 
so that the aspect ratio for all elements was less than 25:1. 
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Figure 1.4.3.b Global model with approximate spiral via configuration. 
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Figure 1.4.3.C Double-sided global model (not to scale). 

The local model is essentially a cut-section out of the global model. These 
models were extracted from the center of the global model, thus the center of the 
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local model, running through the spiral, was located at the quarter position of the 
total substrate length. The cut-boundaries of the local model were extended a 
distance half the via pitch from the centers of the first via and last via. The total 
length of the local models was based on having four vias along the length with a 
via pitch equal to twice the via diameter plus the distance to the boundaries. The 
majority of the local models were meshed using four-node isoparametric 
quadrilateral elements with two degrees of freedom per node. The local models 
studying the via wall angle parameter were meshed using a combination of eight-
node isoparametric quadrilateral elements and six-node isoparametric triangular 
elements because three-node linear triangular elements are too stiff in bending. 
The base layer or core was biased toward the HDI layers. A coarse mesh was 
used in the regions away from the center spiral configuration. The regions 
between the outer-vias and the center spiral were biased from the outside toward 
the center spiral via configuration. The via bottom was divided into two 
segments, each biased from the center out. This allowed a fine mesh at the 
corners of the via walls and in the center of the via. The region between the two 
via stack and the center via of the spiral was also biased from the center out. 
Mesh refinements were conducted through the thickness and height of the via 
walls. Each local model contained six vias as illustrated in Figure 1.4.3.d. The 
three vias located in the model's center were used to understand the effect of 
geometry, material, and processing parameters on via. 

Figure 1.4.3.d General via configuration used for local model. 

Loading and Boundary Condit ions 
As the focus of this study is to understand the thermo-mechanical behavior of 
HDI vias, the loading that is modeled here is the thermal loading. The HDI 
structure must endure the process temperatures, followed by operation 
temperature cycles. The process temperature ranges are dictated by the curing 
process of the chosen polymer dielectric. The polymer dielectrics generally have 
a final cure temperature ranging from 150°C for epoxy-based dielectrics to as 
high as 450°C for select polyimides. The copper metallization is generally 
applied at 46°C, which is lower than the cure temperatures. Assuming that the 
entire structure reaches the processing temperature, the stresses and strains 
that develop within the HDI vias are a direct consequence of the CTE mismatch 
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