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Abstract
Kulicke & SoﬀaÕs Flip Chip Division (formerly Flip Chip Technologies), the market leader of wafer level packaging
(WLP) technology, has developed a new WLP technology-the Spheron WLPe. Spheron WLPe was developed with
bump-on-polymer structure to decrease the input capacitance for high-speed applications.
During development of the Spheron WLPe technology, a new polymer dielectric material was carefully selected
from seven (7) materials that were tested in terms of reliability and manufacturability. The polymer selected demonstrated not only the best reliability but also provided exceptional manufacturability. The favorable mechanical
toughness, high elongation, and excellent adhesion to organic and inorganic materials provided excellent performance
in reliability tests.
 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction
Wafer level packaging (WLP) is one of the fastest
growing segments in the IC packaging industry. Its
primary advantage today is its small form factor because
WLP is intrinsically a chip size package. The other advantage is its low packaging cost, compared to die-level
packaging. With die-level packaging, the packaging cost
has always become a greater percentage of IC cost as
the die size decreases or the wafer size increases. The
packaging cost/wafer in WLP remains a relatively constant percentage of total IC cost, which means it can
become more cost-eﬀective with decreasing die size or
increasing wafer size. Because of these advantages, many
IC makers are incorporating WLP into their designs.
Some of these products include integrated passive devices, EEPROM, analog, RF, and power regulators,
especially for hand held applications [1].
Ultra CSP developed by Kulicke & SoﬀaÕs Flip Chip
Division (formerly Flip Chip Technologies) [2,3] has
been in high-volume production since 1998 and currently accounts for more than 70% of merchant WLP
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production. It features the bump-on-nitride (BON)
structure, consisting of solder bump and under bump
metal (UBM) seated on the thin (1 lm) inorganic
passivation as shown in Fig. 1.
Kulicke & SoﬀaÕs Flip Chip Division has developed
a new WLP, called Spheron WLPe. Spheron WLPe
incorporates a bump-on-polymer (BOP) structure as
shown in Fig. 2. In this structure the solder bump is
placed over a layer of polymer dielectric material. There
has been a strong performance driver for a WLP having
a BOP structure. This technology minimizes the interconnect capacitance for high-speed application [4].
In the case of Ultra CSP with a BON structure, the
polymer is not subjected to stress originating in the
solder bump since the solder bumps and UBM sits on
silicon nitride. The typical failure mode has been ductile
rupture through the solder at bump shear test and solder
fatigue at temperature cycling (TC) tests [5,6]. In the
case of the Spheron WLPe, the bump rests on the
polymer, and thus any stress applied to the solder bump
directly propagates to the underlying polymer. The
polymer must be designed to ensure suﬃcient mechanical toughness and adhesion to adjacent materials to
qualify for the BOP structure.
During development of the Spheron WLPe technology, a new polymer dielectric material was carefully
selected from seven (7) materials that were tested for
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Fig. 1. Schematic diagram of BON structure WLP.

Fig. 2. Schematic diagram of BOP structure WLP.

reliability and manufacturability. In this paper, the advantage of this new polymer and the reliability test results will be discussed.

2. BOP WLP for high-speed applications
The ever-increasing switching speed of semiconductors is due to a relentless shrinkage of semiconductor
features and to a decrease in operating voltage [7]. The
upcoming challenge is to implement proper speed outside of the semiconductor dies. This can be done by
economically providing an eﬀective bandwidth in the
gigahertz range, a bandwidth previously reserved to
expensive microwave circuits. The most eﬃcient and
direct way to increase the bandwidth of a circuit is to
reduce transmission delays by shortening its path. Integrated circuits could not function correctly were it not
for interconnections much shorter than the clocking
frequency wavelength. Outside of the dies, compact
circuits are most eﬀectively implemented by eliminating
the traditional package leads where the semiconductor
die occupies a very small area of the total package dimensions.
WLP provides the ultimate size reduction given the
fact that the footprint of the package is the die. Further
improvement in size reduction requires a three-dimensional stacking of the wafers with vertical interconnection through vias in the silicon, a technology that is still
in its early stages of development [8].

In addition to improved electrical performance, WLP
packaging at the wafer level minimizes overall fabrication cost. The redistribution layer can be used to shield
the die user from a foundry mask redesign, caused by a
change of supplier or a new technology. Complex redistribution of I/Os does not create any additional
processing over a simple fanning of the I/Os. The WLP
technology does not place restrictions on the choice of
ball size or metallurgy.
For analog rf circuits and high switching frequency
digital devices, WLP provides the best attainable bandwidth solution. WLP applications include MMIC devices (millimeter microwave integrated circuits). At the
other end of the speed spectrum, small low power dies,
integrated passive dies or MEMs can take advantage of
the redistribution layer to reroute I/Os. Room permitting, larger solder balls allow direct die bonding to
substrates with a large CTE and eliminate the need for
an interposer.
The technology behind the current advanced packaging trends has a well-established foundation in MCMD techniques. In terms of fabrication, the redistribution
layer relocating bond site over the surface of the wafer is
diﬀerent from MCM-D only in the fact that the structures are much simpler.
Placing solder bumps*on*polymer cast over routing
interconnect metallization layers has been used for at
least two decades [9]. For instance, this type of technology was developed by high visibility companies such
as AT&T Bell Labs [10], IBM [11], Toshiba [12] or
Sandia Labs [13] as well as a number of smaller start-up
companies. Because high-speed performance was the
driving force of multichip modules, copper was the favored interconnect metal. Flip-chip bumping, sometimes
with unusual solder metallization for specialized aerospace and military applications, were developed on both
copper and aluminum pads. The redistribution layer has
been made with aluminum, as well as copper, depending
on the application and the technical capabilities of the
manufacturer. Almost every polyimide or polyimide-like
materials available as a dielectric for microelectronics
have been investigated over the years.
Better interconnection performance at the system
level is needed to take advantage of the rapid evolution
in chips. High performance interconnection has been
researched for years [14] but applications have remained
few, mainly for high end computing [15] or for specialized military or aerospace applications. The situation is
now changing with the commercialization of very fast
clocking devices. Transistors in the millions necessitate a
large number of signal I/Os; in addition, an equally large
number of I/Os must provide power.
While processor-clocking speed increases at a rate of
40% per year, clocking must be scaled down to communicate with complementary chips. The overall speed
eﬃciency of systems is no longer limited by semicon-
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ductor technology but by the bandwidth available from
the I/O drivers and busses [16]. The problem is not
limited to digital circuits, similar problems prevail with
the ever-increasing operating frequency of communication circuits always in need of more channel bandwidth.
The signal interconnection favors controlled impedance transmission line to preserve signal integrity, or
require connections with minimized capacitance. The
power feed-lines must support the heavy current ﬂow
necessitated by low voltages. As a result, power supply
lines prefer extremely low impedance and localized capacitive storage to take care of surges in power demand.
The BOP technology conveniently allows a redistribution layer to be easily implemented with good interconnect lines and power distribution attributes.
Because of the presence of conductive charges in a
semiconductor, any metallization in close proximity to
the silicon, such as 1-lm dielectric, can move the charges
present in the silicon by capacitive coupling (refer to Fig.
3). The amount of coupling is dependent on geometrical
factors, therefore, large features such as a UBM can have
a substantial parasitic capacitance [17]. To be accurate,
the capacitance computation is not only dependent on
the thickness of the dielectric but also on the doping
of the wafer; this can lead to very complex modeling
[18]. A suﬃcient approximation for packaging purposes
is obtained by assuming high conductivity of the wafer,
hence a high doping level. For example, a UBM diameter
of 275 lm placed on the wafer passivation layer, the
parasitic capacitance is between 2 and 4 pF, depending
on the nature of the dielectric, SiO2 or Si3 N4 . With the
BOP conﬁguration, the parasitic capacitance is reduced
to approximately 0.250 pF. WLP has the intrinsic advantage of very low inductance advantageous to high
speed [19,20]. This reduction in capacitance in BOP
structure combined with low inductance creates an ideal
package for high-speed application.
In CMOS, the interconnect model reduces to a RC
network. This RC network plays a major role in speed
performance and power dissipation of the I/O line
drivers.

Fig. 3. Interconnect lines parasitic capacitance.
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Fig. 4. CMOS interconnect line driver.

There are three sources of dissipation in CMOS
circuits: a capacitive switching power dissipation component, a leakage component, and a short-circuit component. The I/O power dissipation is large; by some
accounts it is as much as 25% of the total chip power
dissipation in some chips. This is the consequence of
having to drive large capacitive lines that must be
charged and discharged for each logical state transition,
as illustrated in Fig. 4. It is evident that the output driver
behavior is mainly controlled by the parasitic capacitance of the interconnection circuit.
The power dissipated per transition by a gate
switching on or oﬀ is:
2
P ¼ 1=2Vdd
f

The most eﬀective way to reduce power is to reduce
the amplitude of the voltage swing. Thus, the operating
voltage in chips has been reduced over the past decade.
However, there exist a number of limitations to how low
it can go and retain adequate noise margins. Eﬀorts
must be made to reduce the interconnection capacitance,
a ﬁeld that has progressed very slowly in the past.
Placing the bump over the polymer not only decreases
the direct parasitic capacitance, but allows design controlled impedance interconnection for more demanding
applications. Improved bandwidth with minimal electrical discontinuities and minimized power dissipation
can then be obtained. Impedance discontinuities between interconnect links create undesirable voltage
overshoot or undershoot by reﬂection of power. These
transients have disastrous consequences for the signal
integrity. Controlled impedance is also a key to control
crosstalk and noise and is therefore critical in demanding applications, in both analog and digital, for diﬀerent
but equally compelling reasons.
Resistance in the interconnect lines is not only a
source of power dissipation but it also slows down the
charging and discharging of the parasitic capacitors,
hence contributes to slow down the transfer of information. Similarly to the trend in semiconductor fabrication, copper is becoming the preferred interconnect
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metallization material due to its lower conductivity.
Aluminum will soon remain necessary only in rare
cases, such as applications where the circuits need
atomic radiation hardening. The selected polymer can
conveniently be used with either metallization. In contrast to some polyimides, no diﬀusion of copper occurs
if proper ﬁlm deposition process and sequences are
followed.
On one hand, the fast rise time of CMOS contributes
to decrease the power consumption of a gate by minimizing the direct short-circuit path between power and
ground inevitably occurring during the switching transition. On the other hand, faster rise time creates a
higher current surge to charge the parasitic capacitors.
Decoupling capacitors supply the energy burst by storing power as close as possible from the point of use. A
low loss path is necessary so as to not impede the current
ﬂow and create further losses of its own.
Ignoring ohmic losses, a close approximation of the
energy dissipated in the circuit per voltage swing, CMOS
and distributed RC network together, is:
E ¼ 1=2CV 2
The above energy, of course, doubles per clock cycle
since the current must ﬂow both ways. This deﬁnes the
necessary decoupling capacitance. Keeping the decoupling capacitors small and distributed very close to the
die, or even installed on the die, is necessary to minimize
delays and losses. This is not a trivial task, considering
that switching several hundred thousand gates simultaneously, as will happen in modern microprocessors
having several millions transistors, creates a current
demand of several amperes that must be supplied within
a few nanoseconds.
If required, the BOP technology can accommodate
imbedded and/or embedded passive devices such as
small inductors for rf, small decoupling capacitors or
low power termination resistors.

3. Polymers for BOP WLP
3.1. Polymers in ICs
Condensation polyimide was discovered almost a
century ago [21]. It was already understood at the time
that fully aromatic polyimides would be suitable for
high temperature applications. Practical synthesis of
fully aromatic polyimides had to wait through a long
dormant stage until Edwards [22] of E.I. du Pont de
Nemours commercialized Pyralin and Kapton in the
sixties.
Interest in polyimide for semiconductor applications
started almost immediately after its introduction [23].
Early interest was mainly from large research labs such

as RCA, Bell Labs, IBM or TI. In 1972, Hitachi applied
for a patent using polyimide in bipolar integrated circuits [24] as inner layer dielectric (ILD). IBM later incorporated polyimide in MOS memories [25].
Photosensitized polyimide was introduced at the Bell
Labs [26] by addition of potassium dichromate to the
polyimic acid. The photosensitivity of potassium dichromate, K2 Cr2 O7 , has been known since its discovery in 1839 by Mungo Ponton in Scotland [27] and used
to sensitize organic colloids by Edmond Becquerel, a
French physicist, in 1845. Unfortunately, this negative
acting photosensitized polyimide has a poor shelf life,
inherent to the photosensitizer chemistry [28].
In 1976, Rubner of Siemens in Germany introduced
an improved photodeﬁnable polyimide chemistry [29].
This photosensitizing technique was licensed to a number of polyimide manufacturers and adapted to a variety
of polyimide backbones. The resulting negative-acting
and solvent developed polyimides are still manufactured
today in older polymer product lines.
In recent years, a wide variety of potential ILD and
passivation polymers, photodeﬁnable or not, have been
studied and a few have been successfully commercialized. The interest in polymeric materials has expanded
from being low cost replacements for traditional inorganic dielectric, such as SiO2 or Si3 N4 , to materials that
improve electrical performance because of their lower
dielectric constant.

3.2. Polymer dielectrics selection criteria
Many polymers are available and competing for potential high volumes beyond their current principal use
as passivation layer in semiconductor wafers. A distinction must be made between dielectrics for inner
layers in ICs and passivation or outer dielectrics used on
ICs. Many of the so-called low-j dielectrics intended for
ILDs are not suitable for packaging because of their
inability to form layers thicker than 1 lm. For instance,
polysilsesquioxane cracks under its own intrinsic stress
when attempting to build layers applicable to packaging.
Similarly, cracking or impracticably low deposition rates
are the reason to reject the traditional IC inorganic dielectrics such as SiO2 or Si3 N4 .
Choosing a polymer typically involves reviewing
physical, mechanical, chemical and a number of other
properties that may help or hinder their use in packaging. The selection criteria are rigorous and with severe
constraints, considering that in WLP a relatively thin
polymer is the only protection against the environment.
The dielectric selection is not a well-deﬁned science
because of the numerous compromises made between
many competing and often contradictory requirements
[30]. For instance, outstanding material properties may
conﬂict with processability, but ultimately, processing
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Table 1
Polymer characteristics
Mechanical

Thermal

Electrical

Chemical

Processing

Optical

Strength, tensile
and ﬂexural
modulus
Elongation
before break

Thermal expansion

Resistance to
acids, bases and
solvents
Adhesion

Viscosity

Refractive index

Glass transition
temperature

Solid content

Absorbance

Cracking and
brittleness

Thermal diﬀusivity
and conductivity

Water absorption

Thixotropy

Dispersion

Hardness and
impact resistance
Coeﬃcient of
friction

Flame resistance

Surface and
volume resistivity
Permittivity
(real and imaginary)
Dissipation
factor with
temperature,
humidity
Dielectric
breakdown
strength
Ion mobility or
polarization

Thermooxidation

Curing: time
and temperature

UV resistance

Gas permeation,
O2 , N2 , F etc.

Planarization

Haze

Intrinsic stresses

characteristics must dominate since without them no
device can be built.
A few characteristics to examine are listed in Table 1.
Many of the listed properties are interrelated such as
water absorption and dielectric properties or brittleness
and thermooxidative properties.
3.3. Potential polymers for BOP WLP applications
Polyimides have been the material of choice since the
70Õs and dominate the semiconductor applications market because they have oﬀered the best set of compromises
for manufacturing, cost and reliability. Polyimides are
known for their excellent chemical, mechanical, thermooxidative resistance and adhesive properties. The
ﬁlms do not chip, crack or peel and remains ﬂexible at
cryogenic temperatures. One deﬁciency of polyimide is
the tendency to absorb moisture, due to the presence of
carbonyl bonds in the polymer chain that also allows
attack by strong bases, such as those used as photoresist
removers.
Numerous aromatic thermosets were developed in the
60Õs under the sponsorship of NASA [31]. Development
in the synthesis of polymers for high temperature applications continues and is still very dynamic. The relationships of polymer structure to thermooxidative
stability and the chemistry and mechanical properties of
polymers, cross-linking and degradation mechanism at
elevated temperatures are areas of prime interest. Many
of the thermally stable polymers possess complementary
outstanding properties, such as extreme chemical resistance, or ease of deposition using a low temperature
chemical vapor deposition process, making them viable
candidates for WLP applications. Table 2 lists a few of
the ﬁlm forming polymers having some potential but not
necessarily all the required attributes.

The ﬁrst step in selecting a polymer is to examine
the properties given by their manufacturer. Unfortunately, no two manufacturers measure properties under
the same conditions. Data comparison is therefore very
diﬃcult, sometimes meaningless, or worse, misleading.
For instance, thermogravimetric measurements made in
inert atmosphere by one manufacturer cannot be compared to measurement made in air by another. Yet, WLP
must be designed for use in ordinary atmospheric environment, air and its pollutants and, therefore, the data in
pure nitrogen cannot provide enough information to
judge thermal properties. Polymer degradation by oxidation [55] is a very common path to self-destruction and
needs to be evaluated by several complementary analytical methods. As an example, thermogravimetry in air
cannot reveal thermooxidative degradation if the weight
losses by thermal decomposition are masked by addition
of oxygen to the molecular fragments.
Characteristics such as ease of use or ability to rework are not always evident in speciﬁcation sheets. Yet,
they may make the diﬀerence between a polymer usable
in manufacturing and a laboratory curiosity.
3.4. Polymers tested for BOP
Faced with the wide diversity of high temperature
polymers reviewed above, it is necessary to quickly reduce the number of materials to be tested. A number of
the commercial polymers have been tested over the past
decades [56] and this knowledge was used to reduce the
number of candidates. The selection process went beyond a choice purely dictated by good chemical and
physical characteristics. Many of the interesting polymers listed above were excluded because they are still at
the research or development stage or not yet produced in
suﬃcient quantity for volume commercial applications.
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Table 2
High temperature polymers with potential application for BOP
PI (polyimide) [32]: PMDA, ODA, DAPI, BTDA, BPDA, BPEDA, BPADA, DDBT, ODPA, DSDA, HQDA etc.
Fluorinated polyimide FDA, 6FDA, HFDA-ODA, HFDA-APBP, LARC-CP1 [33]
Polyimide siloxane, pre-imidized, acetylene terminated polyimides [34]
PIQ (poly-isoindolo-quinazolinedione) [35]
Polythioetherimides [36]
PPQ (poly-phenyl-quinoxaline) [37]
Polyquinixalone [38]
Imide-aryl ether phenylquinoxaline copolymer [39]
Fluorocarbon polymer deposited with pulsed hexaﬂuoropropylene oxide plasmas [40]
PTFE (polytetraﬂuoroethylene) [41] Teﬂon AF
Polyquinoxaline [42]
Polybenzimidazole [43]
PBO (polybenzoxazole) [44,45]
Polynorbornene [46]
Poly(arylene ethers) (Flare), poly(aryl ether phenylquinoxaline) [47]
Polysilane [48]
Parylene: poly-paraxylylene, poly-chloro-paraxylylene [49], poly-tetraﬂuoro-xylylene
BCB (benzocyclobutenes) [50,51]
Hydroxy(benzoxazole) copolymer (HPBO) [52]
Poly(silarylene siloxanes) [53]
Polybenzimidazole (PBI) [54]

Another criterion used in the elimination process was
the availability of reasonable support from potential
polymer suppliers. Technical support was required in the
form of an application laboratory, within the polymer
manufacturer facility, capable of partially supporting
the fabrication of initial wafer test lots.
Seven (7) materials from three (3) manufacturers as
shown in Table 3 met our requirements. All selected
materials were photosensitive. The manufacturers applied their own polymers, developed and cured them on
their site. Other fabrication steps such as photoexposure,
sputter metallization or plasma processing were conducted in our production facility. Some processing was
done overseas; the remainder was accomplished across
the continent. Consequently, wafers traveled back and
forth between facilities with as much as one-week delay
between processing steps. This can be considered a harsh
manufacturing test, considering that some photosensitized polymers can degrade with uncontrolled delays
between exposure and development.

Table 3
Polymers under test

1
2
3
4
5
6
7

Polymer type

Photosensitivity

Developer
type

Polyimide ester
Polyimide ester
Polyimide ester
Polyimide
Polyimide ester
Polybenzoxazole
Polybenzoxazole

Negative
Negative
Negative
Negative
Negative
Positive
Positive

Solvent
Solvent
Solvent
Solvent
Aqueous
Aqueous
Aqueous

4. Spheron WLP having BOP structure for high-speed
application
4.1. BOP WLP polymer ﬁnalist
The ﬁrst phase of the project assumed that test vehicle
wafers, which were only partially processed by the K&S
Flip Chip Division, had been subjected to the best
processes known to the suppliers. The polymer underwent a battery of reliability and manufacturing tests
including but not limited to:
• Adhesion to metals, dielectrics and itself at various
stages.
• Thickness before and after each process step.
• Fourier transform infra-red spectroscopy at each
processing step.
• Proﬁles and cross-section measurement of via edges.
• Stress measurement.
• Shear test.
• Temperature and humidity.
• Extreme temperature shock in liquid nitrogen.
• Cross-sectioning of the metallization and dielectrics
followed by SEM inspection.
• Energy dispersive X-ray analysis (EDX) as required
to check interfaces.
The weighted results of all these tests indicated that
the best performance came from one of two polybenzoxazole (PBO) material formulations, followed by the
other PBO material, which tied with the conventional
polyimide material. Last were the polyimide-ester materials.
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Although the ﬁnal selection relied principally on the
reliability results, a combination of manufacturing convenience, and technical and commercial support from
the manufacturer were taken into consideration.
The PBO demonstrated not only the best reliability,
but also with the most convenient, easiest and tolerant
processing. Only one material was retained for the second phase because of time and resources considerations.
The second phase was designed to conﬁrm the reliability tests of the ﬁrst phase and to optimize processes
in preparation for volume manufacturing with equipment and resources available in-house.
A number of experiments were statistically designed
to optimize each processing step and obtain a transferable and manufacturable baseline. Following the
groundwork, wafers were prepared for the ﬁnal reliability tests, using the best-known process. The reliability
tests were similar in nature, but more rigorous and extensive than during the ﬁrst phase and will be described
later.
PBO has become the polymer of choice, not only
because of its temperature stability and outstanding
thermooxidative properties for BOP applications, but
also because of its uniquely convenient processing
characteristics. PBO does not contain carbonyl (C@O)
bonds and, therefore, is not subject to the hydrogen
bonding causing water absorption in polyimides or a
path to self-destruction in air for materials having poor
thermooxidative resistance.
PBO, like polyimides, oﬀer many variants because the
generic name is representative of only one group in the
polymer chain: either a cyclic imide or oxazole group as
shown in Fig. 5.
There are as many variations between PBO manufacturers than there are between polyimide manufacturers. The chosen material has outstanding processing
properties, partly attributable to its photosensitizer. The
material behaves similarly to a thick positive photoresist. The developer for photosensitized PBO is an environmentally benign aqueous solution.
The material does not require separate application of
an adhesion promoter and naturally exhibits good ad-

Fig. 5. Polybenzoxazole and polyimides are named after these
cyclic groups.
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hesion to aluminum and other metals. Under proper
processing, no adhesion failure at any interface was
observed during our tests.
4.2. Metallization schemes
PBO is compatible with all metallization schemes in
use today for bumping wafers or redistributing the I/
Os.
Redistribution layers made of aluminum, preferably
doped with a small percentage of copper, oﬀer a simple,
easy way to implement metallization mode. PBO is
compatible with evaporation or sputtering because of its
good resistance to heat loads without degassing. Addition of 0.5% of copper to the aluminum provides improved resistance to stress and electromigration with
acceptable ohmic resistivity for many applications.
Redistribution layers made of copper will become
more desirable with time because of its improved electrical characteristics. Copper oﬀers a substantial decrease in resistivity from 3.2 lX cm down to 1.9, which
enhances the advantages of the RC constant of the BOP
structure. Conversely, the cross-section or thickness of
the conductors can be proportionally reduced if the
same resistivity can be tolerated. Because a large percentage of the I/Os in a semiconductor chip are used
for high current power distribution, another substantial
advantage of copper can be obtained by reduction
in power dissipation through ohmic losses. Spheron
WLPe adopts 1–2 lm thick Al as its RDL to decrease
the ohmic loss for high performance application. Al/Ni–
V/Cu has been used as a UBM for years in ﬂip-chip
bumping and WLP application and showed acceptable
reliability performance. Spheron WLPe uses the same
UBM system.
4.3. Fabrication steps
The fabrication steps shown in Fig. 6, follow
the typical application steps used with photodeﬁnable
polyimides [57]. The process is straightforward and requires two masks for opening vias in the dielectric layers
and two masks for the metallization. The chosen polymer is photosensitive and positive acting, as are most
photoresists in use today.
Starting from a customer supplied wafer, a layer of
polymer is applied over the existing passivation layer.
The polymer thickness is targeted for 5 lm nominal after
curing. The polymer precursor incorporates its own
adhesion promoter, therefore saving an application and
drying step. The material can be applied to any passivation material commonly used such as silicon dioxide,
silicon nitride, silicon oxinitride, polyimide or similar
classes of polymer that are less frequently used for
passivation are equally acceptable.
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Fig. 6. Fabrication steps of a Spheron WLPe.

Because the photosensitizer used is closely related to
common positive resists, the required exposure energy is
similar to a thick photoresist. No incubation delay or
other time constraint before development are necessary;
the development can proceed immediately or a day or
two later for convenience. The development proceeds in
a manner similar to a positive photoresist, using either a
puddle on a track system, or the old time honored
technique of batch development in a bath, since no
surface tension potential problem is expected from the
large features prevailing in packaging.
Partial curing of the polymer follows. Curing must
be tightly controlled because the curing conditions affect the internal stresses and mechanical properties of
polymers [58]. A controlled atmosphere and controlled
thermal cycle are recommended, even though this
polymer is not subject to oxidation during curing and is
thermooxidatively stable afterwards. Excellent planarization is obtained due to the high solid content of this

material and low shrinkage. Partial curing is used to
promote fusing of the subsequent polymer layer that will
be applied on top, a technique developed in the 80Õs. The
curing must be suﬃcient to eliminate any possibility of
degassing during the following sputtering step and to
provide suﬃciently high stiﬀness to withstand the stresses imposed by the deposited metal layer [59].
At completion of the ﬁrst layer curing, the redistribution metal layer can be sputtered over the bonding pads. In contrast to negative acting materials,
no plasma etching of bond pads is necessary, since the
polymer develops completely and very cleanly without
leaving the usual residue in the center of the pad. This
is partly due to better photosensitization and partly
because the developer is a very slow etchant of aluminum. The developer is able to clean the pad after removing all the photosensitive material, leaving a fresh
aluminum surface that later helps obtain a more reliable via contact.
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A sputtering system should provide adequate heat
control of the wafer during deposition because the
morphology of a sputtered ﬁlm is highly dependent on
thermal conditions and because polymers are sensitive to
excessive thermal load. In sputtering, the rate of heat
transfer to a wafer is dependent on the heat of condensation of the particular material deposited and on
the deposition rate. However, the total energy accumulated in the wafer is dependent on the amount of material deposited if the wafer has no means of transferring
heat by conduction. Under these conditions, copper will
place a higher thermal load on a wafer than standard
semiconductor aluminum deposition and cooling of the
wafer in the sputtering system is a necessity.
The following step is a conventional photolithography of the metal used in advanced packaging [60]. Wet
etching gives suﬃcient resolution and control of edge
proﬁle, providing that the morphology of the ﬁlm is
acceptable and the etching chemistry well balanced.
Copper and aluminum etching are easily controllable, as
long as the photoresist ﬁlm is uniform and has good
topography coverage, as well as good adhesion to the
metal.
The deposition and photolithography of the second
polymer layer are very similar to that of the ﬁrst with the
exception of a full curing cycle. The cured thickness is 5
lm after completion of the curing, similar to the ﬁrst
insulation layer. The cross-section shows that the receiving pad for the UBM is mechanically locked between
the layers of polymer.
The ﬁnal metallization layer deﬁnes the UBM. The
well-established metallurgy used in regular wafer bumping was used, Al/Ni–V/Cu. Etching is unchanged from
standard wet etching of the tri-layer.
It is evident that the second polymer and the redistribution layer can be omitted to obtain a standard
bumping conﬁguration, instead of the WLP. The photolithographic resolution of the polymer is outstanding
and, similarly to photoresists, much better than can be
obtained with negative acting materials. The polymer is
able to deﬁne bump sites beyond any foreseeable need
for ultra-close pitch.

5. Reliability of spheron WLP
In the case of Ultra CSP having BON structure, the
UBM sits on silicon nitride. Therefore the polymer
material does not have any signiﬁcant stress transferred
through the solder, while performing a bump shear test
at wafer level or during TC testing or during die shear
test after board assembly. The typical failure mode of
Ultra CSP having BON structure has been shear rupture or fatigue through bulk solder as long as there is no
abnormal problem in adhesion between silicon nitride
and UBM. This fact indicates that the adhesion strength
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of the UBM metal to inorganic passivation is typically
higher than that of bulk of solder.
In the case of Spheron WLPe that has a BOP
structure, the stress transferred through the solder directly propagates to the underlying polymer layers 1 and
2. Therefore, the polymer material must have enough
mechanical toughness and adhesion strength to the
wafer passivation and the RDL and UBM metal layers.
Solder bump shear test, as assembled, is suﬃcient to
evaluate if the polymer has adequate toughness and
adhesion strength. The same bump shear test performed
after some humidity treatment, like 85C/85% RH for
seven days, must yield suﬃcient strength values to estimate if any signiﬁcant degradation occurred in adhesion
between the diﬀerent materials under the solder bumps
after moisture uptake. The success criterion is a clean
shear rupture through the bulk of solder. No signiﬁcant
interfacial delamination or cracking of polymer should
occur. No speciﬁc number for the shear strength is
sought because the shear strength of solder tends to
decrease with time, even at room temperature, due to
aging eﬀects [61]. A board level TC test is another reliability requirement. The success criterion in this case is
the same solder fatigue in the bulk of solder. It is necessary to reiterate that the main focus is to see if the
polymer and all the related interfaces are tougher than
the solder during the test. Signiﬁcant delamination of
interfaces, or cracking of the polymer, are not acceptable
because they reveal relatively brittle modes of polymer
failure, causing very low shear strength at bump shear
test or accelerated failure in TC test.
Temperature humidity bias (THB) test is another
useful test to ensure that there is no signiﬁcant leakage
current though the polymer or its related interfaces. For
instance, polyimide is known to exhibit copper migration and a corresponding leakage current in bias test
[62].
Preconditioning test equivalents to several reﬂow
cycles after absorption of humidity is another test that
used to be done. The test was originally designed for
plastic packages to check if there was enough resistance
to the so-called popcorn cracking. This came about at
the transition time from through-hole mounting to surface mounting type packages that resulted in much more
heat at board assembly process than before. The mechanism and the countermeasure were well established in
1980 when there was a big transition from DIP to SOP
in DRAM application. Findings were that moisture
diﬀuses through the plastic into the given package. The
moisture degrades interfacial strength, mainly at the
leadframe and (or) chip-molding compound interfaces,
resulting into moisture segregation on the interfaces.
The moisture vaporizes at reﬂow, and consequently the
pressure causes popcorn-like cracking. The problem was
resolved by improving the interfacial strength. WLP uses
only thin layers of polymer passivation. Epoxies used for
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injection molding absorb and retain considerably more
moisture than polyimide and polyimide-like materials,
therefore, WLP does not fail from popcorn-like cracking. Nevertheless, corrosion can take place at buried
interfaces by aqueous transport of ions through thin
polymer ﬁlms if the permeability is too high and the
interfaces are not humidity-resistant enough. As mentioned, the reason to use bump shear test after exposure
to humidity at relatively high temperature is to check if
there is any signiﬁcant degradation at the interfaces. A
bump shear test before and after reﬂow and exposure to
humidity is suﬃcient to screen all the possible problems,
including those that could surface during reﬂow. The
criteria for a successful test are no delamination or
swelling and no RDL or UBM metal corrosion. Some
metals, especially Al, forms hydrated compounds in high
humidity environment that dissolve the metal and accelerate electromigration by ionic transport. Close examination of the metals after temperature–humidity test
is therefore necessary.
Pressure cooking test (PCT) was originally introduced to check for contamination by residual halogen
elements after completion of the fabrication processes.
This test is usually performed when a new material is
introduced, whether the material is temporary, like
photoresist, or permanent, like polymer passivation.
The test is done even though only very low ionic content semi-grade materials are used in the processes; this
is probably due to a misunderstanding of the original
purpose of the test. In eﬀect, most people do this test to
check on the consequences of high moisture uptake. It
pushes much higher moisture than 85/85 treatment. If
degradation in adhesion strength after high moisture
uptake is the main interest, bump shear test before and
after the PCT treatment is a good tool to use. If the
interest is to determine if there is any halide material in
the given materials, SEM/EDX is a good simple way to
determine if there are any corrosion products, as long
as proven semi-grade materials are used and that handling was appropriate. Chlorine is inﬁnitely more likely
to come from your ﬁngers than from semi-grade materials.
High temperature storage (HTS) test is to check on
the UBM consumption. The long-term reliability performance is not directly aﬀected by judiciously chosen
polymer materials but primarily depends on the UBM
on the chip side, solder alloy, and pad metallurgy.
Spheron WLPe uses the same UBM system as Ultra
CSP , that is Al/Ni–V/Cu. Therefore, Spheron WLPe
can be expected to have the same level of cap consumption characteristics as Ultra CSP since there is no
signiﬁcant diﬀerence in the metallurgy of UBM metals.
Unfortunately, as previously mentioned, it does not
mean that all sputtered Al /Ni–V/Cu stacks will have the
same reliability, regardless of how they are deposited.
Very careful attention is necessary to ensure that the

sputtered ﬁlm is consistent at all times. Heat control,
and therefore deposition temperature in the sputter
chamber, is one of most important parameters to be
controlled in order to obtain consistent properties of
sputtered metal ﬁlm.
High temperature operating life (HTOL) is an accelerated life test used to insure that the UBM/solder system meets a minimum standard operating life under
operation, ﬂowing a speciﬁc amount of current. Similarly to the HTS test, the performance is not directly
aﬀected by polymer material.
In this paper, only some of the test results that are
important for the reasons explained above will be discussed. The others, like HTS and HTOL, do not seem to
be aﬀected by change in polymers as explained above.
THB 1000 h test data will be available within the next
two months. However, some wafer level bias tests have
been carried out and will be discussed.
5.1. Bump shear test
The PBO showed an excellent shear fracture surface,
through bulk of solder without any evidence of interfacial delamination or cracking of polymer layers as
shown in Fig. 7.
Fig. 8 shows a poor shear fracture surface from one
of the polymer materials tested and rejected. Solder
bumps sheared oﬀ together with the UBM metal delaminating from the polymer layer, observed by no
UBM or solder on the sheared surface. This indicates
that the interfacial strength is not higher than the shear

Fig. 7. Shear fracture surface as fabricated with the chosen
Spheron polymer material. It indicates shear rupture through
bulk of solder.
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Fig. 8. Shear fracture surface as fabricated with one of the
polymer materials tested. Solder bump removed from polymer
together with UBM metal.

strength of the bulk of solder. There is also vertical
cracking through the polymer layer at the edge of the
solder bump where the shear tip starts implying that
the polymer material does not have enough toughness.
Another observation with this polymer is that it is
partially delaminated from the nitride passivation surface, indicating that the interfacial strength was not
suﬃcient. There could be many arguments surrounding
the fact that the shear test result really means that this
polymer material is not usable. Additional treatments,
such as using a special adhesion promoter and/or tight
control of bake, cure, and shorten holding time between the process steps, etc., may improve the reliability but it needs more process steps and/or tighter
process control. A strong and straightforward process
is of primary importance for manufacturing in high
volume as long as it meets acceptable reliability performance.
A number of wafers built with the selected polymer
material were put in 85/85 chamber for seven days and
reﬂowed three times following the JEDEC Level I preconditioning test condition. Bump shear tests were carried out before and after humidity treatment and before
and after each reﬂow. No diﬀerence in shear fracture
surface was observed indicating the given humidity
treatment does not degrade the related interfacial
strengths lower than bulk of solder.
Some of the wafers were placed in PCT chamber for
seven days. Bump shear tests were performed before and
after the PCT test. In addition, all wafers were inspected
for delamination or dissolution of metal due to humidity. Interestingly, the shear fracture surfaces were different, depending on the plasma etch conditions. Figs.
9–11 shows three diﬀerent modes of shear fracture surface after PCT test. Fig. 9 features an excellent shear
fracture surface and Fig. 10 indicates a poor shear
fracture surface and Fig. 11 shows mixed mode of those
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Fig. 9. Good shear fracture surface through the bulk of solder
after PCT.

Fig. 10. Representative of poor shear fracture after PCT. The
bumps separated from the ﬁrst polymer layer.

two. In the case of poor shear fracture observed in Fig.
10, the solder bump was removed together with UBM
attached, while there is no evidence of any cracking
through the polymer itself or delamination of the polymer from the underlaying inorganic passivation. To
clarify, the bump shear failure mode of all wafers were
good before PCT, regardless of the plasma etch conditions. The wafers exhibiting poor shear fracture
interfaces after PCT exhibited a good solder joint reliability in the TC test presented in the next section. The
wafers showing poor shear surfaces after PCT did not
show that problem after 85/85 for seven days. These
observations point to the value of selecting a plasma
etching process. Beyond appropriate plasma etching
conditions, the sputtering process needs to be properly
controlled to obtain good adhesion to the underlying
polymer.
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Fig. 11. Representative of mixed shear fracture observed after
PCT. The top bump in the photograph exhibits a mixed mode
of the good and poor shear fractures.

5.2. TC test
Two sets of TC tests have been carried out. CSP50 is
a daisy chain test pattern having 0.5 mm pitch 10  10
array that was used for both tests. There are three daisy
chains. The outmost one has 3.18 mm maximum distance from the die neutral point. A similar CSP50 test
pattern, using the BON structure of the Ultra CSP
products was tested alongside as a control. The test PC
board was made of 62 mil thick high temperature FR4
with copper organic solderability preservative pad ﬁnish
with non-solder-mask deﬁned pad opening. Eutectic Sn–
Pb solder was used. The test conditions were –40 to

125 C with 1 cycle/h including 15 min for each dwell
and transition time.
Fig. 12 is the Weibull plot from the ﬁrst TC test. The
failure criterion was an increase of 20% or more in the
resistance of the daisy chain using the starting value as a
reference. The BOP structure has an approximate 65%
increase in Weibull life over the BON structure, as
shown in Fig. 12. Figs. 13 and 14 show the Weibull plots
from the second test. In this test, parts from three different lots were placed alongside to check on the lotto-lot and wafer-to-wafer variations. No signiﬁcant
lot-to-lot variation was recorded since there was only
approximately 4% standard deviation, as shown in Fig.
13. In this test, the BOP structure consistently showed
an approximate average 32% increase in Weibull life
over the BON structure as shown in Fig. 14.
Fig. 15 is a cross-section photo of a typical bump
testing as open circuit during the test. It evidences that
the ultimate failure mode is the same normal solder wearout of the BON structure. The weakest point being the
solder wear-out means reliable, reproducible, and predictable results. The other failure modes like polymer
interfacial cracking are brittle resulting into relatively
low life time with low Weibull slope. A possible reason to
observe higher Weibull life in Spheron is due to the different UBM sizes. Ultra CSP had 280 lm diameter
UBM opening while Spheron had 300 lm UBM pad
diameter, a 23% increase in surface area. Based on the
previous test result [5], this increase in chip side UBM size
could increase the Weibull life by approximately 30%.
Polymer Collar WLPe is a polymer reinforcement
structure on the chip side of the solder joint which has been
the weakest point in TC tests in Ultra CSP as well as in
Spheron, as shown in Fig. 15. It showed signiﬁcant in-

Fig. 12. Weibull plot of Spheron WLPe (BOP) vs. Ultra CSP (BON) at the ﬁrst TC test.
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Fig. 13. Weibull plot of three lots of Spheron WLPe at the second TC test.

Fig. 14. Weibull plot of Spheron WLPe (BOP) vs. Ultra CSP (BON) at the second TC test.

crease in Weibull life from the previous TC tests with Ultra
CSP [5]. Fig. 16 shows a Weibull plot of Spheron with
Polymer Collar in the second TC test. The ﬁgure indicates
that the Spheron structure with a Polymer Collar exhibits an approximate 35% improvement in Weibull life.
5.3. Wafer level bias test
Board level THB test is in progress. The CSP50 test
pattern was also used in this study. Two parallel 5 mm
long metal traces are placed on the RDL metal plane of
the chip. The traces are approximately 25 lm wide with
40 lm space in-between.

Wafer level bias test was conducted. Using a probe
station, leakage current between the two metal traces
was measured after the lithography of the RDL metal
lines, again after the second polymer process, and once
more after solder bumping. The noise level with 5 V bias
on the two metal traces was about 1 nA with the probe
station and the leakage current was not detectable in any
cases. The wafers were then placed in an 85C/85% RH
chamber for seven days and the leakage current measured at completion. There was no detectable leakage
current. Based on the fact that all the wafer level bias
tests that did not show any detectable leakage current,
no abnormal leakage current at the board level THB test
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Fig. 15. Cross-section of a Spheron WLPe solder joint after
TC test. The failure mechanism is solder fatigue.

is expected if there is no leakage current on the board
side. This situation is easy to check by doing the same
test with bare boards.

6. Summary
Spheron WLPe is the new WLP structure developed
by Kulicke & Soﬀa. To fabricate Spheron WLPe the
bumps are built over a layer of polymer.
Placing the bumps over a 5 lm thick dielectric improves the electrical performance as compared to a

bump placed directly over the wafer inorganic passivation. In this new WLP, the electrical performance gain is
due to a reduction of capacitive parasitic coupling of the
UBM to the mobile charges of the silicon wafer.
A PBO dielectric was selected after testing seven
diﬀerent materials from three polymer manufacturers.
The materials were subjected to numerous process monitoring and reliability tests, including prolonged exposure
to temperature and humidity.
The ultimate mode of failure of the BOP structure is
wear-out by solder fatigue, as would be the case with a
BON structure. The reliability tests demonstrate the
PBO favorable elongation and mechanical toughness.
There is no cracking failure observed during or after TC
and exposure to humidity. These tests also prove the
excellent adhesion of the PBO to itself, to the RDL and
to the UBM metallization. Furthermore, the reliability
tests conclusively indicate that the BOP structure as a
whole, the chosen PBO, the redistribution metallization
and the UBM, exceed the reliability of the solder.
In addition to reliability, the Spheron WLPe polymer oﬀers straightforward, convenient and repeatable
processing for high yield manufacturing. This PBO is
also fully compatible with any bond pad metallization or
passivation materials currently used by semiconductor
manufacturers.
Ultra CSP is a registered trademark of Flip Chip
Technologies, L.L.C., a wholly owned subsidiary of
Kulicke & Soﬀa.
Polymer Collar WLPe is a trademark of Flip Chip
Technologies, L.L.C., a wholly owned subsidiary of
Kulicke & Soﬀa.
Spheron WLPe is a trademark of Flip Chip Technologies, L.L.C., a wholly owned subsidiary of Kulicke
& Soﬀa.

Fig. 16. Weibull plot of Polymer Collar Spheron vs. Standard Spheron WLPe at the second TC test.
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