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Abstract

This research focuses on evolving the best possible
criteria for selecting high electrical performance 100 micron
pitch lead free solder bumping process. This is achieved
through modeling and simulating the pad, process, reliability
and test strategy. Coplanar waveguides (CPW) were modeled
to evolve process criteria for pad design and choice of
materials. Polyimide was chosen as the passivation on the
chip. Further signal parasitics were studied for the passivation
and a selection criterion was evolved for its thickness. The
pad and the passivation layers were studied for diclectric loss
when subjected to thermal cycling (air to air). This evaluation
leads to the selection of the best pad configuration for lead
free solder. An in-depth study on how internal resistance of
the solder contributes to the change in parasitics is presented
through numerical and simulated models. Standard under
bump metallurgy (UBM) was used on the pads. Lead free
solder (Sn3.5Ag0.3Cu) was chosen as the bumping material.
Bumping strategy was evolved by which solder can be
deposited on the UBM without stencil printing or
electroplating. Flip chip B-stage underfill was also evaluated
for wafer level application and standardized. This paper
concludes by suggesting the best design, process and
reliability criteria which should be adopted for lead free
solder 100 um pitch flip-chip.

Introduction

IC designers are placing more circuits within a smaller dic
area, and are pushing the limits of chip performance. Feature
sizes both on and off chip are projected to continually
decrease[1]. To keep up with such changes packaging
techniques also need to improve. Recently the electronics
packaging indusiry has begun to recognize the need for such
a requircment. As we go toward smaller dimensions and
wafer level packaging, processes become more complicated
[2]. Thus controlling process parameters is more difficult and
variation in process parameters increases. To gauge the effect
of such variations on the electrical characteristics of the chip,
the impact of process parameters must be understood. As we
move towards wafer level packaging, skin effect is one of the
parameters that has a great impact on the bump and is
influenced by intermetallics [3, 4]. Electrical characteristics of
intermetallics have been studied before, but have focused on
resistance measurements only. Their effects on high
frequency signals have not been defined.

Wafer level fabrication of chips requires a detailed study
of pad, under bump metallurgy (UBM), passivation and
wetting. Selection of matenials to achieve very good reliability
for lead free solder bumping is a challenge. Solder selection is
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based on the various candidates proposed by NEMI. To
achieve fine pitch bumps, it is very important to select the
right technique to bump the wafer. Conventional bumping
techniques like screen printing and electroplating have their
inherent limitations. It is well known that aspect ratios,
opening dimensions of the stencil and availability of fine
grain solder paste are the limitations for bumping through
screen printing |5]. Electroplating ternary lead free solder
ailoys are costly and have technical problems [6].

The increasing use of flip-chip on organic substrates such
as FR-4 printed wiring board (PWB) has relied on underfill to
alleviate the thermo-mechanical stress on the solder joints
caused by the difference between the coefficient of thermal
expansions (CTE) of silicon chip and the organic substrate
[7.8]. However, the conventional underfill technology has
created many process issues including the slow flow rate,
voids, non-homogeneity in the resin/filler system and
additional curing time [9]. With the decreasing pitch size
down to 100um, the gap distance becomes so small that the
dispensing of the conventional underfill presents great
difficuley. On the other hand, the increasing chip dimension
also further aggravates the problem. In order to address the
problems associated with conventional underfill, wafer level
underfill was proposed as a SMT-compatible flip-chip process
to achieve low cost and high reliability [10].

In this paper the effect of process conditions on
signal parasitics is investigated. Theoretical results for the
effect of intermetallics on skin effect for solder and results of
a step by step study on the effect of process conditions on
signals at each stage of the fabrication of the chip is also
presented, Through this extensive study, wafer level
packaging design, process and reliability criteria for
fabricating 100pm pitch peripheral array chips with lead free
solder bumps is presented in detail.

Design

Skin depth is a very important phenomenon at high
frequencies, Tt is the distance from the surface of a metal
conductor to the depth at which the magnitude of the
penetrating magnetic fieid falls to a value l/e of the
magnitude at the surface. The mathematical expression for
skin depth is:

5:# (1)
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where,
Jf = Frequency of the changing
magnetic field.
4 = Permeability of the material
o = Conductivity of the material.

From the above equation, we see that the skin depth
becomes larger as resistivity increases and becomes smaller as
the frequency and permeability increase. Since the skin depth
is larger for metals of poor conductivity, an electromagnetic
wave can penetrate more deeply into such metals, allowing
some power from the wave to be absorbed into the metal.
This power is then dissipated or lost as heat, Hence, ideally,
the material should be a perfect conductor so that all the
magnetic energy is reftected away; but this is not achievable
in practice since all materials have some inherent resistance.
We are thus faced with accepting the effects of Maxwell’s
eddy currents, which are generated in a metal in opposition to
the imposed changing magnetic ficld. These currents dissipate
a part of the wave’s energy in flowing through the conductor
and meeting resistance. If currents flow deeply into a metal of
relatively high resistivity, the portion of the conductor in
which the flow of current takes place is greater if the
frequency of the circuit is relatively low. As the frequency §
increases, the skin depth is shorter, and eddy currents are then %
bunched into a decreasing thickness of shell of the conductor, §
resulting in higher energy loss because of increased current%
density. This means that a poor conductor can cause serious
problems with power loss at high frequencies.

Intermetallics in a bump are initially at the two ends of the
bump; near the chip and near the substrate. With the passage
of time this intermetallic grows to occupy 2 greater volume of
the bump. Intermetallics have a lower conductivity than pure
metal, As described in the previous paragraph, this lower
conductivity will result in greater power loss especially at the
high frequencies that are in use today.

Here, we study the effect of intermetallic growth on the
electrical performance of the bump, Intermetallics are a cause
for bump failure. Thus, the bump may be said to fail after a
certain number of cycles of duty. This however only describes
mechanical failure. Electrically the properties of the bump
would have changed dramatically several thermal cycles
before mechanical failure due to intermetallic growth,
especially in the fine pitch bumps encountered in wafer level
packaging, Hence the failure criteria for the bump is no longer
accurate because it continues to support one of its prime
functions i.e. mechanical support, but has failed electricalty.

To study the effect of intermetallics, the different metals
that have been investigated are:

1. Silver (Ag)

2. Caopper (Cu)

3. Aluminum (Al)

4. Solder

5. Titanium (Ti)

6. CuSns (Intermetallic)

Data that has been used for these metals is:

A. Conductivities
a. Silver =6.1x 10" §/m
b. Copper =58x 10°S/m

835

¢. Aluminum =3.8x10"S/m

d. Solder =7.0x 10°S/m

¢. Titanium =2.1x10°%/m

f. CusSns =5,714286x10% $/m

B. Permeabilities

a. Silver =1.2566 x 10° /m
b. Copper =1.2566 x 10 H/m
¢. Aluminum = 1.2566x 10°H/m
d. Solder =1.2566 x 10° H/m
e. Titanium = 1.2566 x 10° H/m
f. CusSn; =1.2566 x 10° H/m

A graph of the skin depths for these metals over a
frequency range of 1 GHz to 10 GHz is shown below.

Skin depth for different metals (1 GHz to 10 GHz)
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Fig 1: Skin depths of different metals.

As the skin depth of intermetallic is several times larger,
the skin depth of intermetallic has been shown in the next
figure. For comparison the skin depth of solder is also shown.

Skin depth of solder and intermetallic (CuGSn5){1 GHe to 10 GHz}
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Fig 2: Comparison between skin depths of solder
and CugSns.
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The resistance of a round wire of radius °r’ is obtained
using Johnson’s formula. Using this the resistance of a 50um
high column of solder and diameter 50pm as the amount of
intermetallic grows is shown in the figure betow.
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Fig 3: Resistance of solder columns with
intermetallics.

The resistance of a pure solder column is so small
compared to the resistances of the columns with intermetallics
that it is nearly at the X-axis and so cannot be seen in the
graph.

It can be seen from Figs.l, 2 and 3 that intermetallics
affect the electrical performance in a major way. Hence a
study was done on the effect of parasitics at each stage of chip
fabrication.

Transmission lines (CPWsg), on a silicon substrate, were
measured using a Network Analyzer (NA) for extracting the
characteristic impedance and propagation constant which
include the material propertics. Similar to TRL calibration,
two lines with the same cross-section and different length
were measured. For extracting the propagation constant, the
algorithm in [12] was used, which are accurate even with pad
parasitics by using the trace of measurement matrices. For the
characteristic impedance, it is difficult to find the
characteristic impedance using general pad transition models.
Therefore, it is restricted to simple pad transition models such
as [13] and [14]. In this work, the pad transition model in [13]
was used to extract the characteristic impedance. Then, the
extracted characteristic impedance (Z,) and propagation
constant (v} were used for the transmission-line model in Fig.
4 using the following relationships:
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R=Re{Z, ey}
L=Im{Z,ey}/ w .
G=Re{y/Z,}

C=Im{y/Z,}/ e

where o is the angular frequency. The model in Fig. 4 can be
simulated using W-elements in HSPICE, which can simulate
frequency-dependent RLGC parameters for transmission
lines,
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Fig. 4 RLGC models for transmission
lines.

Process

The chip size, pads, under bump metallurgy (UBM) and
substrate were designed and fabricated using standard clean
room wafer leve] processes. The 100-micron pitch wafer level
design consisted of chips having four rows of depopulated
peripheral array connections, routed with 2976 140's in a 2 cm
X 2cm die. A passivation layer to prevent shorting of the
connections isolates the different routing arrays. Polyimide
was selected as the ideal candidate for passivation that can be
photo defined as well as a material that can withstand
temperature up to 350°C. The choice of under bump
metallurgy is to provide good wetting and bonding with
solder and also prevent intermetallic and oxide formation at
very high temperatures. Polyimide is spin-coated on the pads.
The passivation is pre-baked and openings are made on the
pads through photolithography. After photo-defining the
passivation layer the wafer went through a final curing
process. The wafer was then sent through multiple reflow
cycles to test for process reliability. Bumping is performed
using eutectic lead solder and lead free solder paste. Fine
grain solder paste is printed into the passivation openings and
sent through a reflow cycle. The paste grain size was specially
tailored to suite the needs for 100um pitch bumping process
shown in Fig. 3.
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Fig 6. Process Steps of Wafer Level Underfill

Underfill

The B-Stage underfill process steps are illustrated in Fig
6. In this process, the underfill is applied either onto a
bumped wafer using a proper method, such as printing or
coating or on an unbumped wafer which will be bumped after
underfill application. The underfill is usually B-staged before
the wafer is diced into single chips. The individuat chips are
then placed onto the substrate by standard SMT assembly
equipment. The underfill is required to possess high curing
latency so that the underfill can be flowable at the solder
reflow temperature to allow solder wetting on the substrate
pads. As the interconnect materials move from SnPb solder to
lead-free solder, the reflow temperature is raised by 40~60
°C. This presents great challenges for underfili material
design. On the other hand, in order to facilitate dicing, storage
and handling, the underfill must appear solid-like and possess
enough mechanical integrity and stability after B-stage.
Hence, a successful wafer level underfill process requires a
fundamental understanding on the undetfill curing process,
especially the B-stage properties of the underfill.

In this project, a wafer level underfill material was
developed and its B-stage properties were characterized.
Figure 7 presents the isothermal TGA experiments when the
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underfill weight was measured as a function of time as the
sample was heated to and held at 130 °C. As can be seen in
the figure, the drying was almost completed at the first 30 min
of isotherm. The underfill material was spin-coated on to a
BCB passivated wafer and then heated in the oven at 130 °C
for 30 min to remove the solvent and partially cure the
underfill. Then the wafer was diced under the normal wafer
dicing conditions. Cross-section analysis showed that the
underfill thickness was around 60pm. Figure 8 shows the saw
street on the wafer. It can be seen that the saw street was
relatively clear. The B-staged underfill did not show cracking
or delamination under the normal dicing condition.
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Figure 7. Isothermal TGA study on the
underfill B-stage process.

Figure 8. Saw street of the wafer with
Underfill

Reliability

Reliability testing was done on a wafer on which coplanar
waveguides were fabricated. The change in the elecirical
characteristics of the waveguide after each test stage was
shudied as follows, The S-parameters of the line in Fig. 9 were
measured using a NA in the frequency range 50 MHz i0 10
GHz. The wafer was then placed in a thermal cycling
chamber and cycled for 100, 200 and 300 cycles. The S-
parameters were measured for the same lines after every 100
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cycles. The S-parameters for one of the measured lines are
shown in Fig. 10. Polyimide was then coated on an identical
wafer and the measurement process repeated on the line
shown in Fig 11, which is the same as that in Fig. 9. The
coated wafer was also subjected to thermal cycling and the S-
parameters were measured after every 100 cycles. The results
of the measurement are shown in Fig. 12,

Fig 9: Line on bare wafer.

The results of the measurement are shown below. The
Smith Chart (Fig. 10) shows the variation of the S-parameters
measured in a NA before and after different stages of thermal
cycling. The §,, parameter is the input reflection coefficient
of 50 Q terminated output, which serves to indicate the
amount of power that is reflected and does not enter the line.
The 8, parameter is the forward transmission coefficient of
50 Q terminated output and serves as an indication of the
amount of power delivered to the load. In the Smith chart the
closer the S; parameter is to the outer circumference the
better. As can be seen, the losses in the line increase with
thermal cycling reaching a maximum after 100 cycles and
then staying the same for 200 and 300 cycles.
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Fig 10: S - Parameter variation with Thermal
Cycling for signals between 50 MHz and 10
GHz.

Fig 11: Line on wafer with polyimide.
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Fig 12: S — Parameter variation with polyimide
and thermal cycling for signals between 50
MHz and 10 GHz.

The above Smith Chart shows the variation of the S-
parameters measured in a NA before and after different stages
of thermal cycling with a polyimide coating on the wafer. As
can be seen, the losses in the line increase with thermal
cycling. Moreover the losses are higher when compared to the
bare wafer when a polyimide coating is present making the
electrical properties of polyimide important for high
frequencies.

Conclusion

High resistive wafers greater than 2000 Q-cm were the
best selection with 1 micron silicon dioxide layer. Also
bumping through paste deposition without the use of stencil
or electroplating was achieved, choice of B-Stage underfill
was determined and applied for wafer level process. The
reliability study showed that parasitics changed when CPW
lines were subjected to thermal cycling. Future work is
focused on determining what failure modes contribute to
various stages in the fabrication process and assembly.
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