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Abstract

Stacked chip scale package (SCSP) is a new electronic packaging technology for non-CPU products, such as hand-held computing ar
communication devices. In this technology, one or more wire-bonded silicon chips are stacked on top of another flipped silicon chip, and ar
overmolded underfill encapsulant is used to both encapsulate and underfill the wire-bonded chip and the flip chip in a single process. In thi:
paper, the cure behavior, thermal stability, filler content, and thermomechanical properties of five overmolded underfill materials have beer
studied using DSC, TGA, TMA, and DMA. Results showed that there is a strong correlation between thermomechanical properties and the
filler content of the material. Based on measured thermomechanical properties, a “figure-of-merit” approach was used to estimate the therm:
stress induced in the package upon cooling. Results showed that an OMUF material witif @ low coefficient of thermal expansion
(CTE), and low modulus can effectively reduce the package thermal stress. The reliability results are in good agreement with the prediction:
based on thermal stress estimation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tects the silicon chip from the external environment; and it
also provides mechanical strength to the whole package. As
Flip chip technology, first invented by IBM more than 30 a result, the solder joint reliability and package service life
years ag¢l], has been used for a long time in advanced elec- have been greatly improvéd].
tronic packaging2-4]. In this technology, the active side As semiconductor devices become smaller and smaller
of the silicon chip is placed toward the substrate by a vari- with increased functionality, a new class of electronic pack-
ety of surface mount technologig4. Flip chip technology age, called chip scale package (CSP), has emdfjeth
provides excellent electrical performance, high input/output this type of package, the package area is no more than 1.5
density, and high interconnection speed. In addition, it offers times the area of the silicon chip. CSP technology has been
good manufacturability and is highly reliable. In this tech- used to package non-CPU devices, such as flash memory
nology, a liquid underfill encapsulant is used to fill the gap chips used in hand-held computing and wireless communica-
between the silicon chip and the substrate through a capillarytion devices. To accommodate the continuous trend of device
flow process. When cured, the underfill encapsulant can serveminiaturization and increased functionality, a new extension
multiple purposes: it reduces package stresses caused by misf CSP technology, called stacked chip scale package (SCSP),
match in the coefficient of thermal expansion (CTE) between has been developdd]. In one configuration of SCSP, one
the silicon, the solder alloy, and the organic substrate; it pro- or more wire-bonded silicon chips are stacked on top of a
flip chip, as illustrated irFig. 1. The advantage of SCSP
* Tel.: +1 480 5523154 fax: +1 480 5545241, is the shortened interconnect distance, which reduces signal
E-mail addressyi.he@intel.com. delays and capacitance, leading to increased device speed
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Fig. 1. lllustration of a stacked chip scale package encapsulated using an overmolded underfill material.

and reduced noise. Since the introduction of the first SCSPstress relief agent, coupling agent, silica filler, and carbon
product in 1998 by Sharp Corp. in Japan to stack bare-die black pigment. The uncured materials were black pellets and
flash and SRAM chips for cell phones, many semiconduc- were stored in a40°C freezer before use. For TMA and
tor companies have produced millions of SCSPs for wireless DMA studies, cured materials were used. The cured bulk
communication deviceg]. samples were in the shape of circular disks or rectangular
Traditionally, a capillary flow underfill material is dis- rods. They were transfer-molded at TT&(which lasts typi-
pensed between the flip chip and the substrate. This methodtally for 90 s) and post-mold cured at 180 for 2-4 h. DSC
poses several challenges for SCSP, such as slow underfill flowexperiments on cured samples did not reveal any detectable
time, underfill voids, and high assembly cost. In addition, a residual heat of reaction, indicating that these materials were
molding compound is needed to encapsulate the stacked diefully cured after post-mold cure. The main purpose of the
which will result in underfill-molding compound integration  post-mold cure is to provide enough time for the coupling
problems. An alternative method is to use transfer-molding agent to diffuse across the interfacial boundaries between the
technology in which an overmolded underfill (OMUF) isused OMUF and the substrate or the silicon chip, thus improving
as a one-step material solution to package (Fig8B). The the adhesion property of the OMUF. An added benefit is that
overmolded underfill technology offers the advantage of sig- it also provides an opportunity to relax the internal stress ac-
nificant process simplification and cost reduction. Transfer- cumulated from the transfer-molding and the cure processes,
molding technology allows the use of higher filler content which will reduce the package warpage.
in the OMUF without creating flow problems that typically
face the conventional capillary flow underfill materials. This 2.2, DSC
increase in filler content lowers the CTE of the OMUF, which
reduces the CTE mismatch between the silicon die and the  The curing behavior of the OMUF materials was stud-

OMUF, thereby leading to lower thermal stresses in the pack- jed with a TA Instruments 2920 modulated DSC operated in

age. In addition, compared to capillary flow underfill materi- standard mode. The DSC cell was purged with nitrogen at a

als, OMUF materials have a higher mechanical strength andrate of 30 crd/min. The sample was hermetically sealed in

moisture resistance, which will improve package reliability an aluminum DSC pan and was heated from 25 to°800

performance. at 10°C/min. The typical sample size was 20 mg. The DSC
Because of its strategic function in the package, the ma- measurement, like all other experiments discussed below, was

terial properties of the OMUF materials are very important. repeated three times for each material.

In this study, we investigated the material properties of five

overmolded underfill materials for potential SCSP applica- 5 3 1A

tions. In particular, the curing behavior of these materials

was studied using DSC, the thermal stability and filler con-  The thermal stability and the filler content of the OMUF

tent were analyzed using TGA, and the thermomechanical 51erials were examined using a TA Instruments TGA 2950
properties of cured materials were investigated using TMA Thermogravimetric Analyzer. All TGA measurements were
and DMA. The measured properties allow us to estimate the .qqucted in an air atmosphere by heating the uncured
QTE mi_smatch—induced th(_ermal strgssinthe package, whichonuk samples from 25 to 60C at a heating rate of
is very important for material selection. 10°C/min, followed by holding the sample at 600 for
30min. The air flow rate was about 70 &min. The typi-
cal sample size was 10-30 mg.
2. Experimental
2.4. TMA
2.1. Material
The linear coefficient of thermal expansion (CTEk),of
OMUF materials from five different suppliers were char- cured OMUF samples was measured using a Perkin-Elmer
acterized. These materials contain mainly epoxy, hardener,TMA7 thermomechanical analyzer in expansion mode. The
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TMA sample stage was purged with nitrogen at a rate of ' ' ' '
34 cn?/min. TMA specimens were cut from the cured bulk '
sample with a low-speed diamond saw. The sample length
was typically 4-5 mm, and the width and the thickness were
about 2-3 mm. The TMA loading force was kept at 20 mN
to minimize stress-induced sample deformation. During the
TMA measurement, the specimen was heated freb0 to
300°C at 10°C/min. For each measurement, two heating 0.05 | . - |
ramps were used. The first heating scan was used to elim- = --—OMUF4
inate any possible internal stress and moisture in the OMUF 0.00 - .
generated during the curing and sample preparation process. p - 150 200 750
During the second heating ramp, the CTE of the material can Temperature (°C)

be determined. However, to minimize the stress effect, the

CTE values were also determined using the cooling curves, rig. 2. DSC curves of five different OMUF materials determined at a heating
as shall be discussed later. rate of 10°C/min.

oULIBYIOXT

Heat Flow (mW)

Table 1. FronFig. 2andTable 1, we can conclude that the
2.5. DMA OMUF materials from suppliers 2 through 5 have similar cur-
ing onset temperatures between 116 andCTL®OMUF1 has
Dynamic mechanical behavior of cured OMUF materials g slightly higher curing onset temperature at about°124
was measured using a Perkin-Elmer DMA7 dynamic me- All five OMUFs have similar curing peak temperatures in
chanical analyzer operated under three-point bending geom-+he range between 149 and %2 Based on the DSC re-
etry. The experiment was carried out frerd0 to 300°C at sults shown irFig. 2, it is clear that all of these materials

a heating rate of 5C/min. The sample length was 20mm, can be fully cured after a short time at 1%, which is the
the typical width was 2—-3 mm, and the thickness was about recommended transfer-molding temperature.

1.5 mm. During the measurement, the applied static force was
kept at 120 mN, while the dynamic force was maintained at

100 mN. The dynamic frequency was 1 Hz. 4. Thermal stability and filler content

Thermal stability is a key material property for an OMUF.
3. Curing reaction This is because after the package is assembled, it will be re-
flowed at high temperatures so that the solder balls on the
Fig. 2 plots the DSC curing curves of the five OMUF substrate can be melted and attached to the motherboard to
materials. The average curing onset and peak temperaturesstablish package-level interconnection. With the introduc-
as well as the total heat of the reaction, are summarized intion of lead-free solder alloys in the electronic indugt§],

Table 1

General chemistry and material properties for the five OMUFs characterized by thermal analysis techniques

Material OMUF1 OMUF2 OMUF3 OMUF4 OMUF5

Epoxy chemistry Biphenyl Multi-functional blend Multi-functional/biphenyl Multi-functional/biphenyl Low molecular
weight resin

Hardener Phenol Multi-functional phenol Multi-functional blend Multi-functional phenol Phenol

Cure onsetqC) 123.8 117.8 117.8 116.4 116.6

Cure peak{C) 154.1 153.2 149.3 149.6 151.3

AH (J/g) 21.78 28.9 33 36.8 19.8

Weight loss @ 175C (wt.%) 0.29 0.41 0.24 0.16 0.20

Weight loss @ 260C (wt.%) 0.38 0.64 0.30 0.23 0.30

Degradation onsetC) 362 360 347 368 365

Filler content (wt.%) 88.96 80.79 86.73 84.66 86.35

a1 (1076K~1) (0-50°C) 7.8 135 81 10.4 9.7

ap (1076 K1) (200-250°C) 46.1 774 48.6 41.3 45.7

TMA Tg4 (°C) 97.4 141.0 140.9 144.4 110.8

E @ 25°C (GPa) 23.1 114 19.0 19.8 205

E @ 175°C (GPa) 0.76 0.85 0.77 11 073

E onset {(C) 57.3 126.9 120.6 123.4 9.0

E’ peak (C) 735 145.9 134.3 137.8 109.4

Tg (tans peak,°C) 97.8 167.6 148.5 154.5 123.3

CTEL1 (o), CTE2 (), and the TMATy were determined from the cooling scan. All values are based on the average of three individual measurements.
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Fig. 3. TGA weight loss curves for five different OMUF materials measured
between 25 and 60 at 10°C/min.

the reflow temperature can be as high as Z60Thus, an
OMUF material has to be able to withstand that temperature
without significant degradatiofig. 3shows the TGA curves

of the five OMUFs. At 175C, which is the transfer-molding
temperature, OMUF4 has the lowest weight loss of 0.16%,
while OMUF2 has the highest weight loss, which is 0.26%.
At 260°C, the lowest weight loss is 0.23% for OMUF4 and
the highest is 0.64% for OMUF2. All five OMUFs have
degradation onset temperatures greater tharf G4@hich

is considerably higher than the reflow temperature. In addi-
tion, the typical time spent at the reflow temperature was only
30s. Thus all five OMUFs are considered stable at°Z50
without substantial degradation. Upon heating to 800the
solid content, which is essentially inorganic fillers, is eas-
ily determined. The filler content has the following order:
OMUF1 > OMUF3 ~ OMUF5 > OMUF4 > OMUF2.

As shown inTable 1, OMUF1 has the highestfiller content
of nearly 89 wt.%, while OMUF2 has the lowest filler content
of ~81wt.%. As we shall see later, a small difference (a few
percent) in filler content can have an important impact on
thermomechanical properties of these materials.

5. Thermal expansion

Fig. 4(a) plots the relative change in sample length
(AL/Lp) as a function of temperature during the second heat-
ing scan. It is interesting to note that OMUF1 and OMUF2
showed an abnormal swelling behavior ngégrwhich is at-
tributed to the release of stresses developed on coflitig
To minimize the stress effect on the thermal expansion be-
havior, we used the cooling curves to calculatedhalues,
as shown irig. 4(b), in whichAL/Lg versusT curves were
plotted from the cooling ramp of the experiment. Based on
Fig. 4(b),x1, whichis the CTE below the glass transition tem-
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Fig. 4. (a) Relative change in sample length as a function of temperature
for five OMUF materials determined from the second heating scan. The
original lengthL, is taken as the sample length-a60°C (after the first
heating and the cooling ramps). For OMUF1 and OMUF2, the abnormal
expansion behavior nedy is attributed to the release of stresses developed
on cooling. (b) Relative contraction in sample length determined from the
cooling experiment. The reference temperature was taken &C18¢hich

is the post-mold cure temperatutggg is the sample length at 18C. The
stress effect on thermal expansion/contraction is significantly reduced. The
relative contraction for silicon was also plotted.

has the highestr; of 13.5x 10°6K~1. For OMUF4 and
OMUFS5,01=10.4x 10-%and9.7x 10-6 K1 respectively.
Overall, a1 has the following order: OMUFX OMUF3 <
OMUF5 < OMUF4 < OMUF2, which reflects the effect of
the inorganic filler content on the thermal expansion: a higher
filler content leads to a lower CTE, and vice versaTAtTy,

a2 was calculated between 200 and 280) and the results
were listed inTable 1. Because OMUF1, OMUF3, OMUF4,
and OMUF5 have very similar filler content, they have similar
CTE values at either below or aboVg, as expected.

The glass transition temperatures obtained from TMA ex-
periments were listed iflable 1. These values were obtained
during the cooling experiments and were determined from
the inflection point of the TMA traces. From the TMA re-

perature, was calculated for each material, as summarized insults, OMUF1 has the loweSt, of approximately 97.4C,

Table 1. A range of 0-50C was used for the4 calculation
for all materials. The TMA results indicated that OMUF1
has the lowesk; of 7.8 x 108 K—1; this is closely followed
by OMUF3, which has am; of 8.1x 10 6K~1. OMUF2

and OMUF4 has the highe®j of 144.4°C. For OMUF1, the
determined TMATy is not considered very accurate because
for this material, thé transition is quite broad, as we shall
see from the DMA data.
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Fig. 5. Storage modulus as a function of temperature for five different Fig. 6. Loss tangent as a function of temperature for five OMUF materials.

OMUFs. )
develop due to cure shrinkage of the OMUF and the CTE

mismatch between the silicon chips and the OMWUAH. Typ-
ically, stress induced by CTE mismatch makes a much bigger
) ] contribution to the overall package stress. Therefore, we will

Fig. 5 plots the storage modulug, of the five cured  jgnore the stress due to cure shrinkage and only consider the
OMUF materials as a function of temperature at a dynamic ~Tg mismatch-induced thermal stress.

frequency of 1.0 Hz. It is clear that at room temperature, o further simplify the stress analysis, we adapt the ap-
OMUF1 has the highest storage modulus, while OMUF2 has pqach used in Ref12] and consider only the interaction

the lowest storage modulus. Again, these results are consispyenyeen the OMUE and the silicon chips. In this case, a
tent with the TGA results on filler content. At room temper- “figure of merit” estimation of thermal stress developed in

ature, the storage moduli decrease in magnitude in the fol-iha electronic package during cooling can be expressed as
lowing order: OMUF1> OMUF5 > OMUF4 > OMUF3 > [12]:

OMUF2.

OMUF5, OMUF4, and OMUF3 have similar room tem- o(T) = /T o —ds
perature storage moduli, which again reflects the fact that T
these three materials contain similar amounts of filler (within
~2Wt.%). At 25°C, E’ is 23.1 GPafor OMUF1 and 11.4 GPa Whereo is the induced thermal streskinch the “anchoring
for OMUF2. For OMUF3 through OMUF% =19.0, 19.8, temperature”, which is the smallest of thg the cure temper-
and 20.5 GPa at 2%, respectively, as listed ifable 1. ature, and the post-cure temperature. THush= Tg. « and

At the curing temperature (17&), the storage moduliof ~ E(T) are the CTE and the storage modulus of the OMUF, re-
all OMUF materials were significantly lower, as indicated by spectively. AfT <Tg, « is nearly independent of temperature.
Fig. 5andTable 1. The onset temperatures for the reduction as is the CTE of silicon, which is 2.55 10-°K~! at room
of E’ due to the glass transition were also listedrable 1. temperaturg13,14]; Es is the Young's modulus of silicon,
OMUF1 has the lowed¥ onset temperature of 57°8; and which is 107 GPa, see for exampl], andA is a geometric
OMUFS5 has the nextlowest (9T). The otherthree materials ~ factor on the order of unity. Sindg is much larger thak(T),
have similalE’ onset temperatures between 120 and°130 Eqg. (1) can be simplified as

6. Dynamic mechanical properties

dr, 1)
1 A
anch m + Es

Fig. 6 plots the loss tangent curves of these materials. T
On average, OMUF1 has the lowest Sgpeak temperature  o(7) ~ / (0 — as) E(T)dT. 2
of 97.8°C, and OMUF2 has the highest tarpeak tem- Tanch

perature of 167.6C. The tars peak temperatures exhib- |n our calculation TanchWas changed t@post-cure(180°C)
ited the following order: OMUF1< OMUF5 < OMUF3 < in Eq. (2) so thata(T) will not be underestimated. This is
OMUF4 < OMUF2. This is similar to theTy trend deter-  pecause these OMUF materials are highly filled, and their
mined by TMA. E' will only decrease by a factor of 10-30 across the
transition, while for an unfilled polymer material, it is quite
common to see a 1000-fold reduction B across theTg
7. Thermal stress estimation transition.
Based on Eq(2) and the measured thermomechanical
During the transfer-molding process, the OMUF materials properties of the OMUF, thermal stress can be estimated nu-
were cured in the mold at 17& for approximately 90-120s  merically for these five material&ig. 7 plots the thermal
before they were post-mold cured at T&for 2—4 h. Once stress developed upon cooling as a function of temperature in
the stacked chip scale package starts to cool, stresses cathe electronic package using the above approach. Upon cool-
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L N S S tributes to the small thermal stress in packages encapsulated
30 v Cooling A .
SZXV = OMUF1 [ | with OMUF1. _
25 - OSZZXV : gmii . Although both CTE and modulus are important for stress
20 I o CALs + omura | 1 reduction, lowering the CTE is, in many cases, more effective
s D OB g « owmurs | | in minimizing the package stress than lowering the modulus.
= 5L "™ °°<><>% XXXX _ If the CTE of the OMUF matches that of silicon, theoreti-
§ I ".._- %%%0% 1 cally, the thermal stress can be reduced to zero regardless the
& or " N N 7 storage modulus of the OMUF material. Thus, based on ma-
sl "'-.,_ ot Viggooo Toostoure terial properties and thermal stress analysis, OMUFL1 is the
"-..______AiOXﬁ%O | preferred candidate for SCSP, and OMUF2, OMUF4, and
or - 1 OMUFS, having the similarly high thermal stressTat Ty,
50 0 50 100 50 200 will have a higher risk of generating cracks or delaminations
Temperature (°C) within the packages during reliability tests. Reliability re-

sults on assembly units built with the five OMUFs revealed
Fig. 7. Estimated thermal stress development in the electronic package uporthat this is indeed the case: SCSPs built with OMUF2 were
cooling the OMUF fromTpost-cure Which is the post-mold cure temperature - much more susceptible to interfacial delamination, which is
EﬁiSSOZ;():.ug;I(—vaalues obtained from the cooling experiments were used for most likely due to its high moisture absorption and high ther-
' mal stress in the package induced upon cooling. On the other
hand, test coupons built with OMUF1 showed the best re-
ing to below theTy of an OMUF material, thermal stress starts  liability performance[16]. Therefore, results from reliabil-
to increase significantly, as expected. OMUF1, which has theity tests are in general agreement with the thermal stress
lowestTq (based on both TMA and DMA results), the lowest analysis based on the thermomechanical properties of the
CTE, and the highes&t’ at room temperature, has the lowest OMUFs.
thermal stress at low temperatures. At’25 the developed It should also be pointed out that the above estimation of
thermal stress is estimated to be 7.58 MPa. The remarkablepackage thermal stress is only a figure of merit approach. A
behavior of OMUF1 demonstrated that low CTE combined detailed calculation of package stress distribution is certainly
with low Ty can reduce the thermal stress very effectively. much more involved, especially when it involves more than
OMUFS3, on the other hand, has a relatively higj) but it one silicon chip. Finite element analysis is needed to accu-
also has the second lowest CTE d&ficht room temperature.  rately model the package stress. However, accurate thermo-
The combined effect is that OMUF3 has the second lowest mechanical properties for the OMUF material are essential
stress at low temperatures (13.24 MPa at@}p as shown  for such a modeling task.
in Fig. 7. Calculation also revealed that OMUF2, OMUF4,
and OMUF5 have similarly high thermal stresses. OMUF2,
the material with the highest CTE, the high&gt(based on 8. Conclusions
DMA results), and the lowe& at 25°C, induces a relatively
high thermal stress. DSC, TGA, TMA, and DMA techniques have been used
The behavior of OMUF5 is interesting. This material has to characterize five overmolded underfill materials used to
the second lowesly, but it also has the second high&st package stacked chip scale packages for non-CPU appli-
at room temperature. As one can see frbig. 7, between cations. Results suggested that the thermomechanical prop-
Tpost-cureand 105 C (which is slightly below itsTy based erties of these materials are correlated with their inorganic
on TMA measurement), OMUF5 has the second lowest ther- filler content. Material with a higher filler content leads to a
mal stress, which is only higher than that of OMUF1. As the lower CTE and a higher storage modulugatTy, and vice
temperature decreases to below 1G5the stressin OMUF5  versa.
begins to increase rather rapidly, which is mainly caused by = Based on measured thermomechanical properties, a figure
the rapid increase in its storage modulus. In fact, the differ- of merit approach was used to estimate the thermal stress in-
ence between the TMAq and theE’ onset temperature isthe  duced in the package upon cooling from the post-mold cure
smallest for OMUF5 (13.8C). Thus, when the temperature temperature. Calculations revealed that OMUF1 should have
decreases froMpost.curet0 Ty, the CTE of OMUF5 decreases  the lowest thermal stress (7.58 MPa) at room temperature,
but it follows by a quick increase i, which leadsto arapid  because of its lowg and low CTE afT <Tg. On the other
increase in package thermal stress. On the other hand, thdvand, OMUF4 should have the highest thermal stress, which
difference between the TMAg and theE’ onset temperature  is 19.11 MPa at 25C. These results suggest that the CTE,
is the biggest for OMUF1 (40.C). Therefore, for OMUF1,  the storage modulus, and thigof an OMUF material can all
when the temperature decreases frbgskt.cureto the TMA impact package thermal stress. This work also demonstrated
Tg, its CTE decreases rapidly and at the same timeEits  that thermal characterization of material properties can pro-
remains small for an appreciate amount of temperature rangevide a quick prediction of package reliability performance,
before it starts to increase. This is another factor which con- which is important for material selection.
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