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Abstract. Due to the inherent nature of flip-chip assembly, the solder joints lie

beneath the device and therefore are not amenable to visual inspection. Hence,

it is important at the design stage to ensure that solder defects such as joint

separation or joint shortening do not occur in the assembly. As a first step, the

solder joint is modeled using a level-set approach. Unlike conventional front-

tracking approaches, the levelset method handles complicated profiles arising

from merger/separation of solder joints naturally without user intervention.

The model was established to determine the upper and lower limit on optimal

solder volume as a function of a specific assembly configuration and is used to

avoid such defects.
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1. Introduction

Flip-chip/BGA assembly is gaining increasing importance in electronic packag-
ing due to the area array nature of assembly, providing an option for high I/O
assembly, a smaller foot print to accommodate a larger number of I/O in a smaller
area, and gang-bonding to achieve multiple assembly simultaneously. However,
these advantages come with a price. Due to the inherent nature of the flip-chip
assembly, the solder joints lying beneath the device are not amenable to visual in-
spection and subsequent repair because of the obvious difficulty in visual inspection
in establishing a defect free assembly. Some of the inspection approach is used for
flip-chip application are: backside thinning coupled with metallization illumination
[1], characterization through acoustic microscopy [10, 19], and the use of x-ray [23].
Even with these techniques, it is often very difficult to determine some of the solder
defects such as necking/separation of a joint. As a result, assembly with a joint
defect can be known only after the fact with hardly any option to rectify it. There-
fore, it is important at the design stage to ensure that such defect do not occur
in the assembly. The typical sources of solder defect in flip-chip/BGA assembly
can be broadly placed in two categories (1) not enough solder at a specific site -
resulting in lack of joint formation and (2) too much solder at a site - resulting in
shortening of neighboring joints. The effect of solder volume is magnified by other
process variables such as placement accuracy. These defects occur due to various
designing and processing constraints. For example, the designer tends to specify
the cylindrical/hour-glass shape for solder joint design in order to reduce stress in
the joint and improve its fatigue life. This is created by using a spacer to create a

Received by the editors January 8, 2007 and, in revised form, March 22, 2007.
2000 Mathematics Subject Classification. 35Q80, 65K10, 65M06.

255



256 M. KANG AND S. PATRA

required gap between the chip and substrate [12]. However, controlling the gap is
very difficult. This difficulty is compounded by the board deformation that takes
place during reflow [14] and the volume distribution and constraint on placement
accuracy [13]. Therefore in such a case, it is important to understand the acceptable
limits on the gap as a function of design and manufacturing constraints. Reviewing
existing models [7, 8, 18, 17, 11], shows that all of the model are designed to address
ideal or successful joint formation. Heinrich et al.[9] presented non-dimensional
profiles for avoiding solder defects and Singler and Zhang [20] [modeled the solder
bridging problem using SURFACE EVOLVER]. Goldmann[5] developed physical
model and heuristic equations to describe separation of a molten axisymmetric
solder joint. In Evans and Spruck [3, 4] have rigorously described the generalized
evolution(including topological changes) of hypersurfaces moving according to their
mean curvature by using the notion of ”viscosity solutions” of nonlinear PDE’s. All
these models including those based on SURFACE EVOLVER are solved using front
tracking or similar approach i.e. the interface front is evaluated at each iteration.
SURFACE EVOLVER, developed by Ken Brakke, represented a versatile surface
profile modeler developed. It is a finite element model based on minimization of
total energy. It has the ability to compute solder joint model with complicated
pad geometry. However, Surface Evolver can only model only joint separation and
not joint merging. Modeling of joint separation requires artificial removal of grid
points from the computational domain. Thus, the goal is to develop a computa-
tional model that can address both joint separation and joint merging to simulate
process defect. In this paper, a unified approach that can model both separation
and merging has been proposed. It is based on an alternative approach to front
tracking - namely, the Level Set Methods. As mentioned earlier, the goal is to
develop the numerical technique to simulate solder joint defect due to merging and
separation. Later, the model is applied to a set of specific case studies. No attempt
has been made to generate a more general result associated with flip-chip solder
joint. This is an issue we will address in the future.

2. Level-Set approach to solder profile modeling

The levelset approach was originally developed by Osher and Sethian [15]. In
this method, a level-set function φ(x,t) represents the interface as the set where
φ(x,t)= 0 . As is by now well known, this method eliminates the problem of
repositioning the points during the numerical calculation and is capable of capturing
geometric properties of highly complicated boundaries including topological changes
without explicitly tracking the interfaces. Also, it can easily extend to 3-dimensional
problems. The key advantage of level-set approach is that, the surface merges and
separates naturally (see Figure 1(b)). The basic idea behind the level-set method
is embedding the moving interface to one higher dimensional set - this is the level
set. What this means is following. Consider the closed moving interface ∂Ω(t) in
IRn with co-dimension one. We associate with Ω(t) to a signed distance function
φ(x,t) which is a Lipschitz continuous, satisfying:

φ(x, t) = 0 for x ∈ ∂Ω

φ(x, t) > 0 for x ∈ Ω(1)

φ(x, t) < 0 for x ∈ Ω
c

where x ∈ IRn, t ∈ IR+ (see Figure 2). From the definition of φ(x, t), the zero
level set {(x, t)|φ(x, t) = 0} is the interface of the moving object. This means
that moving the interface is equivalent to updating the zero level set of with same
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velocities of the interface. This follows that once we know the velocity of the
interface, then we can calculate the new location of the interface using a level set
function.

2.1. Derivation of the governing equation. Followings are some of the nota-
tions associated with level-set function φ:

n : (outward normal to the region) = − ∇φ

|∇φ|
κ : (curvature) = ∇ · n

∂Ω : (length) =
∫

D

δα(φ)|∇φ|dx

Ω : (volume) =
∫

D

Hα(φ)dx

where H(φ) is the numerical Heaviside function and δα(φ) is the numerical delta
function.

Hα(φ) =


1 if φ > α
0 if φ < α
1
2 (1 + φ

α + 1
π sin(πφ

α )) otherwise
(2)

δα(φ) =
d

dφ
Hα(φ)

The governing equation representing the interface motion in our approach is given
by:

(3)
∂φ

∂t
= −σ(κ− κ)|∇φ|

One can derive equation(3) for the solder joint (satisfying volume constraint)
using two different approaches (1) using motion of curvature flow, and (2) from
energy minimization.

For the motion due to curvature flow, we may set

(4) ~u = −σκ~n− [p]~n

where ~u is the velocity, σ is the surface tension, κ is the mean curvature, ~n
is the outward normal vector at the front and [p] is the jump of pressure across
the interface. One assumption on our model is volume conservation through the
motion. Consider the change of volume.

Change of V olume =
∫

∂Ω

~u · ~nds(5)

=
∫

∂Ω

(−σκ− [p])ds

Equation(5) should equal to zero due to our volume constraint. This gives

(6) [p] =
−σ

∫
∂Ω

κds∫
∂Ω

ds
= −σκ

where κ is the average curvature on the interface. Consider the level set φ =
constant. Then the material derivative gives
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(7)
Dφ

Dt
=

∂φ

∂t
+ ~u · ∇φ = 0

Using equation (6) and (7), we arrive our governing equation using a distance
function.

(8)
∂φ

∂t
= −σ(κ− κ)|∇φ|

Now we move to the second approach. The energy of the surface of the solder
joint without considering the gravitational energy is given by

(9) E =
∫

D

σδ(φ)|∇φ|dx

We want to minimize the surface energy with the volume conservation constraint:

(10)
∫

D

H(D)dx = constant in time

This is equivalent to find the minimum of the following functional:

(11) f(φ) = E + λ

∫
D

H(D)d~x = constant in time

Using the variational level set approach by Zhao et al. [24], we can get the
following minimization equation

∂φ

∂t
= −σ(κ + λ)|∇φ| in D(12)

∂φ

∂~n
= 0 on ∂D

Then using a constraint(10), we can find λ.

(13) λ =
−σ

∫
D

κδ(φ)|∇φ|dx∫
D

δ(φ)|∇φ|dx
= −κ

Substituting (13) into equation (12) gives us the same equation which we already
derived above (eqn. (8)).

2.2. Numerical Implementation. Following is the outline of the numerical al-
gorithm.
1. Initialize φ(x, t) such that φ is a signed distance function to the interface.
2. Solve the governing equation using the method of lines, which means that
splits the time and the space derivatives. For κ|∇φ| term, we use a 2nd order
ENO(Essentially Non-Oscillatory) scheme by Osher and Shu [16]. All derivatives
of the term κ|∇φ| are approximated by central differences. For the time derivative,
we use 2nd order TVD(Total Variation Diminishing) type Runge-Kutta method
[21].
3. Construct a new distance function by solving the following differential equation
until the solution reaches a steady state near the front [22].

(14)
∂φ

∂t
= sign(φ0)(1− |∇φ|)



259

To eliminate the stiffness of sign function, we approximate sign(φ) by

(15) sign(φ) =
φ√

φ2 + ε2

where ε is a very small number(e.g. ε = hx ).
4. We have now advanced one time step. Go to step 2 and repeat.

When our solution reaches steady state, then we should stop our calculation. As
we are looking for a minimization solution, energy should decrease with time(i.e.
∂E
∂t ≤ 0) until we reach steady state. From this consideration, if En ≥ En+1 , we
may stop our calculation. Unfortunately in numerical computation this may not
be true. In our experiment, we use following stopping criterion.

(16)
k=n−(α+1)∑
k=n−(2α+1)

Ek ≥
k=n∑

k=n−α

Ek

Where α is an appropriate number(in our simulation, we use 10.) When we
simulate the motion of the solder joint, merging or breaking will be the issue. Even
though the level-set method takes care of those situations naturally (see Figure
1(b) ), we give some alteration to these cases because our equation includes local
information(e.g. κ) depending on each level sets. For checking the case of merging,
consider two distance functions φ1 and φ2 (see Figure 2 ). It shows that the merging
region is region II which means two different level sets have a common region. The
criterion for the case of merging using a level set notation is

(17) H(φ1(x)) ·H(φ2(x)) > 0.

In this case we assume that a single level set φ replaces the merged domain of
the initial two level sets φ1 and φ2. The regenerated new level set φ satisfies the
following condition:

(18) φ = max(φ1,φ2)

After this procedure, we need to reinitialize a new level set φ to make sure
that it is a distance function at least near the new interface. For both merging
or breaking case, we can always check that the energy after the event is less than
before: (Eafter ≤ Ebefore). The developed model can handle complicated pad
geometry as shown in Figure 3.

3. Case Studies

In the following case studies, we will evaluate the impact of solder volume on joint
quality. The optimal solder volume in a given package depends upon (1) geometrical
variables such as pad geometry, pad dimension, pitch, number of joints, (2) process
variables such as solder deposition thickness and its variation among the pad sites
and reflow environment, and (3) assembly variables such as placement accuracy.
The optimal solder volume is bounded by a lower and upper threshold. Solder
volume deviating from the bounding limit will result in solder defect such as lack
of solder joint formation or shorting of neighboring solder joints. The former is
caused due to lack of sufficient solder at a given site and the later will be due to
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excessive solder volume at a given site. In our case studies, we will establish analysis
procedure for determining the bounding limit for a given assembly specification.

3.1. Determining lower limit on solder volume to avoid defect. The min-
imum solder volume that is required to present on a given pad site to avoid solder
defect will depend on the design and process constraints imposed on a given as-
sembly. Figure 4 shows three examples of assembly configuration for which we will
determine the acceptable lower limit on solder volume to avoid joint defect. Fig-
ure 4-I shows an example of manipulating solder profile for better fatigue life. In
this case, the goal is to determine the minimum acceptable solder volume to avoid
solder joint separation. Figure 4-II shows the usage of large alignment/sacrificial
joints that is provided at the four corners to ease the alignment between chip and
the substrate and will act as the sacrificial joint that will take the load away from
the inner joints. In this case, the goal is to determine the solder volume in the
inner pads to ensure successful joint formation during reflow process. Figure 4-III
represents the process deviation such as abnormal solder volume deposition at iso-
lated site that can affect successful solder joint formation. In this case, the goal is
to determine the acceptable maximum deviation in solder volume at a number of
isolated pad sites that will allow successful joint formation.

As seen in Figure 4-I, the critical spacer gap beyond which the solder joint
integrity is doubtful is a function of both design and process parameters. Consider
a solder joint with top and bottom pads of 150 microns and a deposition height of
100 microns. For the present analysis, for simplicity we neglect the gravitational
impact. We are interested in knowing the gap between the chip and substrate that
will cause the joint to separate. Figure 5 shows a snapshot of sequence of event
during the solder joint separation. As shown in Figure 6, the surface energy of the
solder joint increases with gap height. However, the height can not be increased
indefinitely as the solder joint’s natural tendency to achieve minimum energy state.
Beyond a critical height when the surface energy of the solder joint exceeds that of
two separated bumps on chip/substrate pad sites, the joint will become unstable
and will separate. The critical height is a function of (1) pad geometry, (2) solder
volume and misalignment between top and bottom pads. For the given example,
it can be seen that the critical height is reduced by 15 microns when the solder
volume is reduced by 10%. To ensure defect free joint, one can take the spacer
height to be about 50% of the lower limit on the critical height. In this case, it is
about 118 microns.

Similar situation can also occur when significant deviation in solder volume take
places at some random pad site(s). In this case, the goal is to determine how
much deviation can be tolerated to ensure successful solder joint formation at that
site. Figure 4-III shows the schematic representation of the proposed problem. The
abnormal deviation is defined as the deviation that exceeds the specified process
tolerance on the deposition thickness. The approach to solve this problem is to
determine the critical gap between the chip and the substrate below which solder
joint with a known volume will remain stable. Such information will be useful to the
quality control personnel to decide whether to accept or reject the specific assembly
component before the reflow process and to ensure that there is a reasonable chance
of maintaining the joint integrity.

As a first step, the upper limit on the gap between chip and the substrate is
determined. The required upper limit on the gap between the chip and the substrate
is determined by (1) number of solder joints and their distribution, (2) vertical
loading acting on the chip, (3) location of the site where the solder volume has
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deviated beyond the specified process tolerance, and (4) substrate/chip deformation
during the reflow process. Next, the lower limit on the solder volume that will allow
successful joint formation is determined. The solder volume deviation is calculated
as follows:

(1) for a given chip/substrate pad geometry determine the critical height of the
solder joint - above which the joint will be unstable - as a function of deposition
thickness and misalignment,

(2) for a given assembly specification - defined by pad geometry, distribution,
vertical loading, and misalignment level - determine the maximum gap between
chip and substrate when at least one solder joint located at an random site no
longer supports the chip weight, and

(3) based on the result obtained from step 2 interpolate the result obtained in
step 1 to arrive at the critical volume for that assembly configuration.

The critical gap is studied for the following assembly configuration. The chip and
substrate pad geometry of the first assembly is circular with 100 micron diameter.
The chip size is assumed to be 3.1 mm x 1.8 mm, the pad distribution is area-array
(5 x 3) with total 15 joints, the pitch is assumed to be 500 microns. Figure 7
shows the maximum gap between the chip and the substrate supported by 14 joints
(with 1 defect at a random site). In this case, the maximum gap is found to be
one of the corner pad site. It also shows the critical height as a function of solder
deposition height at the isolated pad site. The sequence of calculation to estimate
the maximum acceptable deviation in solder volume is as follows: For a given solder
deposition, drop a vertical line till it intersects the chip-substrate gap vs deposition
height line. Then draw a horizontal line till it intersects the critical volume line.
Then from that point of intersection draw another vertical line till it reaches the
x-axis i.e. required limit on solder volume. It represents the maximum deviation
in solder volume to create solder joint separation.

Figure 4-II represents another source of solder joint defect arises when the solder
bump on chip/substrate can not come in contact to form a stable joint. This
situation can be explained using the following case: consider a solder joint assembly
with large alignment pads at the four corner of chip/substrate and small connector
pads in the interior of chip/substrate. The function of the alignment pad is to
allow large placement tolerance during assembly. The solder joints formed at the
alignment pad sites carry the chip weight and aligns the chip with respect to the
substrate. If the assembly is properly designed, the resultant gap between the chip
and the substrate is enough to permit the smaller I/O bumps on the chip and the
substrate to fuse and form stable solder joint. Figure 8 shows a snap shot of events
leading to successful formation of a solder joint. During the initial phase of the
assembly process, the alignment pads support the entire weight of the chip and
determine the gap between the chip and substrate. Successful formation of inner
joint will take place provided the gap and the misalignment level between the chip
and the substrate will allow the solder bump on the chip and the substrate to make
contact resulting successful joint formation.

Figure 9 shows the impact of misalignment and solder volume on minimum gap
required for successful solder joint formation. The critical gap is studied for the
following assembly: The chip and substrate pad geometry of the assembly is circular
with 100 micron diameter. The chip size is assumed to be 3.1 mm x 1.8 mm, the
pad distribution is area-array (5 x 3) with total 15 connector joints and 4 alignment
joints. The pitch is assumed to be 250 microns. The alignment pad dimension is
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200 microns diameter and pitch is 500 microns w.r.t. the neighboring connector
pads.

3.2. Determining upper limit on solder volume to avoid defect. As we
have noted earlier that solder volume when reached a lower threshold will cre-
ate joint defect. Similarly, when solder reached an upper threshold, it will create
another kind of solder defect such as joint shortening. The upper threshold is a
function of pad geometry, size, chip weight, number of joints and pitch. Figure 10
shows one such example. With the tendency to incorporate larger number of I/O in
an area-array format. One of the consequences is the reduction of pitch between the
joints. This can give rise to potential defect due to merging of neighboring joints.
This issue becomes critical when solder redistribution scheme is adopted to convert
the peripheral distribution to area-array distribution. Because, the solder volume is
not only affected by the pad geometry but also the connecting line dimension as the
solder is deposited on it too during the deposition process (by using single mask for
both defining the redistribution scheme as well as for the deposition process). Fig-
ure 10 shows a schematic representation of a pad redistribution scheme. It allows
44 peripheral I/O pads to be relocated in area-array fashion. The solder joint pro-
file for such a scheme is shown in Figure 3. The goal is to determine the minimum
acceptable pitch between the joint that will prevent joint shorting during the reflow
process. Figure 11 shows a snap shot of joint shorting. Figure 12 shows critical
pitch as a function of solder volume. The critical pitch refers to the minimum gap
between neighboring joints to ensure no merging between the joints takes place. As
expected for a given loading condition, the acceptable solder volume to avoid joint
shorting decreases with decrease in joint pitch. For redistribution scheme shown in
Figure 10, where the solder volume not only depends on pad size but also on the
connecting line, determining the maximum acceptable line length will be a function
of joint pitch.

4. Summary and conclusion

A level-set approach to solder joint profile model has been developed. This is
used to predict joint profile under two conditions: (1) joint separation, and (2) joint
shorting. The model was used later to check the joint quality for a specific set of
assembly configuration. No attempt has been made to obtain a more generic result.
We intend to study a more generic case in the future.
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Figure 1. (a)Domain for the levelset (b)concept of merging and
separation in levelset
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Figure 2. Computational domain representing merging of interfaces

Figure 3. Initial and final profile of a solder joint with irregular boundary
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Figure 4. Schematic representation of possible source of solder
defect. (I)manipulation of solder profile for better fatigue-life, (II)
solder reflow process with large alignment bumps and small connec-
tor bumps for reducing alignment requirement or to form sacrificial
solder joint, and (III) possible solder defect due to abnormal solder
deposition at isolated pad sites.

Figure 5. Sequence of events associated with unstable solder
profile with circular pad geometry (100 x 100 microns)
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Figure 6. Condition for solder joint separation - Limits for joint
separation under minimum energy assumption. ( V: the volume of
solder)

Figure 7. Determine (i) critical height as a function of deposited
solder thickness and pad geometry, (ii) gap between chip and sub-
strate as a function of solder deposition height in all pads except
for the isolated site, and (iii) interpolate to determine the upper
limit of the solder volume deviation at an isolated site for a stable
profile.
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Figure 8. Snapshot of sequence of events leading to a successful
solder joint formation.

Figure 9. Critical gap between chip and substrate required for
successful formation of solder joint. It is assumed that both chip
and substrate contains equal amount of solder at the pad site.

Figure 10. Schematic view of pad redistribution converting the
peripheral distribution to area-array distribution.
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Figure 11. Snap shot of sequence of events leading to the defect
due to merger of two neighboring joints.

Figure 12. Critical pitch as a function of solder volume to avoid shorting
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