Assessment of Flip Chip Assembly and Reliability via Reflowable Underfill
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Abdtract

This paper presents process concerns of  flip-chip
assembly via reflowable underfill in terms of substrate pre-
bake, undefill dispensing, chip placement and overmolding
that is required in certain applications. Test vehicles with
vaious chip configuration and substrate design have been
used in this study. The effects of substrate thickness, bond pad
desgn and solder mask thickness on assembly defects, where
void is the mgor contribution, were extensively elucidated.
M eanwhile, approaches to solve the assembly falure have
been successfully demonstrated by means of finetuning
assembly parameters. 1t was found that voids were mainly
from trgpped air-bubble during assembly, where undefill
digpensng and chip placement are the mgor sources, rather
than from reflowable underfill outgassing during reflow. The
trgpped voids could become aggravated after solder reflow
process. In addition, pad design and solder mask thickness
aso sgnificantly affect the void level. This study unveils that
substrate bond pad with pre-solder on the surface traps less
void than those only with nickel/gold finish. For the latter
case, ubstrate hedting during underfill dispersing enables to
enhance undefill flow and in turn reduces void. Furthermore,
die heding tha can be implemented via bonding head with
hegting eement during chip placement will dramaticaly
reduce void as wel. Discusson will dso be given on the
impact of solder mask thickness and chip placement speed
(search speed) on void, in paticulaly for non pre-solder
capped substrate.

In religbility study, four test vehicles (TV1~TV4) with
vaious specifications have been evauated, two of which were
aso overmolded due to drop test requirement from certain
devices like mobile phone JEDEC levd 3 moidure
preconditioning followed by therma cycle test (TCT, -55°C ~
125°C) was performed. Falure analysis was conducted via G
SAM and cross-section. As a result of void, solder extrusion
has occurred during TCT that could deteriorate solder bump
integrity. Solder crack was aso observed from bumps that
were isolated from undefill protection aising from void as
well. Even under such a condition, fairly good reliability result
has been obtained.

Introduction

Fip chip assambly via reflowable undefill is ganing
importance and capturing atention of many IC makers and
packaging subcontractors because of its simple process flow
that has been trandated into less machine invesment and
more efficient production floor utilization. In addition, tedious
defluxing and underfilling processes in conventiond flip chip
asembly are the driving forces for exploring aternatives.
Beng the integration of underfill and flux function, reflowable
underfill possesses  sdf-fluxing  capability to make solder
reflov and underfilling process occur sSmultaneoudy. On the

other hand, due to solder bump interconnection yield concern,
reflowable  underfill is inherently an  unfilledlless filled
system, no dlica fille/minimum filler in formulation with
relatively higher coefficient of thermd expanson (CTE,
70~90 ppm/°C). It is well understood that CTE mismatch
between dlicon chip and organic subgtrate will cause eutectic
solder interconnection failure.  Theoreticaly, underfill with
higher CTE vadue cannot solve CTE mismaich efficiently,
which could lead to ealier solder joint falure. Meanwhile,
reflowable underfill flow is no longer capillary flow anymore.
It started to flow over the bond pad surface after dispensing
but changed to compression flow when chip is being placed,
which probably generates voids undernesth chips. The
relidbility uncertainty arisng from nove reflowable underfill
materid  coupled with new varisbles from assembly hinders
the endorsement of flip chip assembly via reflowable undexfill
by packaging indusgtry. Therefore, dl the concerns have to be
reclved before reflowable underfill becomes a red solution.
However, few attempts have been made to address the process
issues and correlate them with reliability.

The god of this study is to find out the root cause of
generdly encountered defects such as void when using
reflowable underfill for flip chip assembly. More importantly,
solutions for those obstacles have been ddivered from both
substrate  design  and  assembly  process  modification
approaches.

Experimental
Material

Reflowable underfill used in the present evaduaion is P-
Bond Ef-7 that was developed in house, and the properties are
ligedin Table 1.

Table 1. Properties of reflowable undefill

Tg CTE(ay) Modulus Viscosity
(C) (ppnV °C) @25C @25°C
(GPa) (Pees)
120~130 70~90 32 24
Assembly

The schematic process flow for flip chip assembly via
reflowable underfill is depicted in Figure 1. Substrates with
various bond pad designs were used for assembly process
evauation, such as dot design, pad design, solder mask design
and presolder depodtion, as shown in Figure 2. Subsrates
were baked at both 125°C and 150°C for different time so that
the baking effect could be pronounced. For undefill
dispensing study, one drop of underfill was applied onto the
top of each subdrate, in which both heating and no heeting
underneath substrate  were conducted.  Subsequently, chips
were placed on the predispensed substrae and the whole



Table 2. Specifications of test vehicle for reliability

TV1 TV2 TV3 TV4
Format Peripherd Peripherd Periphera (3 rounds) Array
Die passivation SN SN SN SN
Diesize 3x3mm 5x5mm 10x10 mm 10x10 mm
Chip No. of bumps 36 100 372 1600
Pitch 250 nm 400 nm 250mm 250mMm
Bump materid 63SV/37Pb 63S/37Pb 63SV/37Pb 63SV/37Pb
Type BT laminate BT laminate | BT laminate BT laminate
Surfacefinish Ni/Au Ni/Au Ni/Au Ni/Au
Substrate Pad Design Sot Pad define Sot Pad defire
Sub. Thickness 0.56mm 0.56mm 0.56mm 1.0mm
Solder mask thickness 71nm 40mm 81lmm 40mm
SubgrateBake | —|  Underfill Dispensing j assembly was reflowed under a pre-determined reflow profile.
Acougtic Scanning Microscopy (C-SAM) was used to detect
_ Reflow — Chip Placement the_void_ level. In _eddition', search gpeed and bonding heed
heating impact during chip placement were adso dudied.
L Lagtly, overmolding conditions for flip chip packages was
Postcure —> Overmald briefly described.
(optiona) (optiona)

Figure 1. Schemdtic process flow of
reflowable underfill

flip chip assembly via
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Figure 2. Subgtrate with various bond pad design (8 dot (b)
Sot (3 row) (c) pad define (d) solder mask define
(€) pre-solder

Four test vehides TV1~TV4, were assembled via optimized
process parameters obtained through process evauation. The
specifications of test vehicles were tabulated in Table 2. Part
of TV1 and TV2 were overmolded. As such, totdly 6 test
vehides were made for rdiability evaduation with sample size
of 32 wunits each. JEDEC levd 3 moisture senstivity
preconditioning together with threetime oven reflow with
pesk temperature of 240°C were conducted prior to thermal
cydling test (TCT, -55°C ~ 125°C). Unit failure was defined as
dectricd open cdrcuit. C-SAM with transducer frequency of
100 MHz was used to examine the voids as wdl as
delamination, which were conducted for al the units both
before and after reliability.

Resultsand Discussion
Subdrate pre-bake

In generd, there are two types of substrates for flip chip
packages evaluation. One is double layer that is for low pin
count package, usudly thin and in matrix form. Another one is
multidayer build-up type that is for high pin count package,
normaly thick and in singulated form. In the present sesson,
these two type substrates were exemplified by TV1 with
thickness of 056 mm and one buildup board with thickness
of 1.0mm. The subdrate pre-bake effect for above two test
vehides was shown in Figure 3 and Figure 4, respectively. It
can be seen in Figure 3 that beking a 125°C for 2 h is
aufficient to obtain void acceptable TV1 assembly. On the
other hend, thick multi-layer substrate needs beking a higher
temperature to remove outgassing components, as shown in
Figure 4. Subdrate pre-bake amed to get rid of dl those
components prior to assembly, which could otherwise
evgporate during reflow. Although there are many ways to
prevent substrate from absorbing moisture after fabrication
such as sed in dry ar protected bag or sometimes even in
vacuum, substrate ill contains certan amount of moisture. In



addition, outgassing components aways exig in solder mask, production phase, this can be diminated by means of prope
which varies according to solder mask type and processng  indine machine integration.

conditions from substrate manufacturers. In some cases, even
substrate from same manufacturer gives different results from
batch to batch, aso as shown in Figure 4. This concern
becomes more criticad for flip chip assembly process with
reflowable underfill as the pre-dispensed underfill as well as
the chip on top of it will block outgassing components from
excaping out of the package during reflow and a the end turn
them to be voids. This phenomenon becomes more severe for
multilayer substrate probably due to thickness factor. In fact,
actua pre-bake conditions vary from substrate to substrate and

need to be established before assembly. @ (b
Figure 5. C-SAM images showing effect of delay time on void
(@) dday 1h (b) no dday
Underfill dispensing
Figure 6 shows the effects of substrate bond pad design
on trapped voids during dispensing.
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Fgure 3. C-SAM images showing effect of subdrate (TV1,
two layers) prebake on void (8) no prebake (b) 2h
a 125°C

@)

@ & & & & = W =
& & & 5 & 8 & @
B.F 5 5 o & "B
" F R R AEW W
& & & W o® B 8 @

Fgure 4. C-SAM images showing effect of subdtrate (build-
up) prebake conditions on void (a) 24h a 125°C,
batch 1 (b) 3nh a 150°C, batich 1 () 24h a 125°C,
batch 2 (d) 3h a 150°C, batch 2.

C)
Furthermore, delay time after prebake but prior to Fgure 6. Images showing effects of bond pad design on

asembly dso has to be controlled in order to minimize trapped voids due to dispensing (a) Slot (b) Slot (3
moisture uptake. Figure 5 shows the voids leve of the same row) (c) Pad define (d) Solder mask define and (€)
test vehicle as in Figure 4 with different delay time. As shown Pre-solder deposition

in Figure 5, void increeses as extending dday time. In mass



As can be seen in Figure 6, more and larger voids have
been trapped in dot and pad defined substrates compared to
that with solder mask define. Closed inspection unveiled tha
for dot opening voids ae trapped between two adjacent bond
pads, while for pad define voids are captured in the clearance
aea between solder mask and Cu trace. This observation
indicated that underfill was not able to flow smoothly over the
pad area, where surface was much more rougher than the rest,
to exchange the ar pocket that has shown stronger resistance
of exaping. On the other hand, improvement has been
observed in solder mask defined substrate in which only Cu
pad is exposed out of solder mask. In the case of pre-soldered
subgtrate, nearly void free can be achieved after undefill
dispensing, as shown in Figure 6(e). Figure 7 shows C-SAM
images of the 5 text vehicles after assembly. As shown in
Figure 7, trapped voids did not escape but instead have
merged into lager szes during reflov and remained inside

package.

©
Fgure 7. CGSAM images showing effect of various bond pad

design on void (@) Yot (b) Sot (3 row)
define (d) solder mask define (€) pre-solder.

© Pad

It is well understood that underfill flowability is dictated
by a number of factors, such as underfill surface tenson and
viscosty, substrate surface tenson and roughness as well as
temperature etc. Definitely, underfill with higher flowablility
with respect to particular substrate surface conditions can be
formulated during undefill development dage  However,
there is adways limitation in increesing flowability via

adjuging formulation without deterioration of other materia
properties. Another way to consider is from assembly process
perspectives, in which substrate is being heated during
dispensng. Voids ae expected to minimize as higher
temperature on the substrate surface enadbles to enhance
underfill flow. Figure 8 shows the images of heated subgrate
surface after underfill dispensing. As compared with Figure
6(@ — 6(c), trapped voids have been tremendoudy reduced.
This fact has dso been confirmed by C-SAM images dfter
assembly, as shown in Figure 9. Compared to Figure 7, much
improvement has been demondrated, in addition, it appears
that these two substrates with dot design [Figures 9(a) and
9(b)] shows more voids than pad defined design [Figure 9(c)].
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Figure 8. Images showing effects of substrate hedting during
underfill dispensing on trgpped voids by different
bond pad design (@ Sot (b) Sot (3 row) (c) Pad
define
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Figure 9. C-SAM images showing effect of subdrate hesting
during underfill dispensing on void (8 Sot (b) Sot
(3row) (c) Pad define



Does the difference result from different pad design or
other factors like solder mask thickness? As the two dot
designs have the thickest solder mask among al test vehicles,
as illustrated h Table 2. To this end, an additiona test vehicle
with dmilar dot dedgn was submitted into the same
evaduation, where the solder mask thickness was only 28 mm.
Figure 10 shows the void level both after underfill dispensng
a room temperature and after assembly. As shown in Figure
10, that no trapped voids can be visbly found, which is the
reflection of underfill smooth flow over pad area This fact
strongly suggests that thinner solder mask is desired from the
standpoint of minimizing trapped voids.

Figure 10. Effect of thin solder mask (28 mm) on void (3)
After dispensing at RT (b) After assembly.

Chip placement

Prior ats have reported that voids could be trapped
around bumps during chip placement process [1,2]. In present
study, different search speed has been excised to examine the
placement influence on void issue. In order to isolate current
factor from dispensng, dl voids generated during dispensing
incuding those tiny ones have been manudly removed prior
to chip placement. Also for the sake of judtification
convenience, underfill was dispensed in cross-pattern over the
pad area. Figure 11 shows the dependence of void on search
geed. It can be clearly seen that void increases dgnificantly
as seach speed goes up. More importantly, the voids
consgently aranged in the same cross-pattern as that for
underfill dispensng and less void have been found in aress
where initially dispensed undefill did not cover. This
observation disclosed that void was trapped because underfill
cannot wet into those bumps that are penetrating into
underfill, especialy when search speed is high. Once underfill
is compressed to flow towards die edges, it tends to wet most
of the bumps it passed through. This assumption was
supported by observations from Figure 7 (b) and Figure 9 (b)
as wdl, in which most voids were trapped in the inner row. In
redity, reducing search speed turns out to affect throughput in
mass production phase, as such, is not consdered as an
efficent method for void minimization. However, same
concept as substrate heating can be gpplied to chip placement.
In this case, bond head can be heated to a cartain temperaure
range, for example 80°C~120°C. Thus, when bumps that have
dsarted to be hested since die pick-up touch undefill, its
viscogity in that locdized portion will decresse dramaticaly
and benefit wetting into bumps, in other words minimize
voids. Currently, most flip chip bonder vendors endble to
incorporate  hesting edement into bonding head. Figure 12

shows the effect of bond head hedting during chip placement
onvoid.

©
Figure 11. C-SAM images showing effect of search speed on
void (8) 24mnvs (b) 1.2mmv/s (c) 0.6mnvs
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Figure 12. CSAM images showing effect of bonding heed
heeting on voids (8 without heating (b) heding at
120°C

So far dl the discusson encompasses the assembly
process and dl the voids are attributed to being trapped in
assembly. Does undefill outgassing contribute to void
formation and to which extent? Therma Gravity Anayss
(TGA) messurement of present formulation has shown about
6.2 % of weight loss when running from room temperature to
230°C a a congtant heating rate of 10°C/min. However, there
is a bhig difference between actual hedting in reflow oven and
testing conditions in TGA, in which temperature ramping rate
during reflow is much faster than in TGA. This was trandated
into shorter heat exposure during reflow. Thus, actud weight
loss of reflowable undefill is much lower than thet
characterized via TGA. In fact, outgassing can only occur
when free surfaces for gas exape ae granted. This
assumption implies that underfill outgassing cannot start given
the space undernesth the die is voidfree after placement. In
order to prove that, underfill was gpplied onto glass dide and
then a chip was dowly placed on top. Ensure no any trapped
void underneath the die before the whole assembly was placed



on hotplate with glass dide on top for visudization. Hotplate
was gradudly hested to 230°C, and no outgessing from
underfill has been observed. This test has drawn a concluson
that underfill outgassng did not occur if no void has aready
been trapped in assembly process.

Overmolding

Different from leaded package and BGA, some constran
needs to be taken into consderation when overmolding
eutectic solder bumped flip chip packege tha has been
underfilled.  Improper molding condition could damage
underfill fillet as shown in Figure 13, in some cases even pull
out the chips from substrate.

Figure 13. Hip chip package with overmolding by (@
improper condition (b) optimized condition

Reliability

The rdiability results of TV1~TV4 were summarized in
Table 3. For TV1 and TV2 (overmold), al units have passed
1000 TCT while certain percentage of falure has been found
for other four test vehicles. It appears that overmold does not
increese the number of cycdes to falure under thermo-
mechanicd dress, but may creste defect that will acceerate
falure rate if overmold process was not optimized like TV1
ovemold case. Falure andyss has reveded that typica
failure mode is solder crack for both TV1 (overmold) and TV3
while poor solder wetting causes falure of TV2 and TV4, &
shown in Figure 14. It became obvious that cracked bumps
have been isolaed from undefill by large voids which
corresponds very well with earlier discusson that there were
more voids in TV1 and TV3 compared to the rest. This fact
shows assembly process limitation in void remova. As a

result, fabrication of substrate with thinner solder mask must
be undetken to more effectivdly reduce void and deiver
better package rdiability.

(b)
Cross-section view of (a) bump crack (TV3) (b)
dry joint (TV4)

Figure 14.

Hip chip with overmalding is a new package structure, in
which the interface between mold compound and underfill is a
big concern. Figure 15 shows the cross-section images of both
TV1 and TV2 with overmolding after 1000 cycles TCT. No
delamination between mold compound and underfill has been
observed. Nevertheless underfill fillet crack a die corner does
exis, which most probably aises from high dress generated
during TCT. Although underfill crack does not cause eectrica
falure immediaidy like TV2 ovemold case in this sudy, it
could propagate into mold compound and eedly induce
subgtrate crack, delamination a underfill/substrate,
underfill/mold  compound, mold  compound/substrate  and
solder fatigue aswdll.

chip

@ (b)
Figure 15. Cross section view of overmolded flip chip via
reflowable underfill process (a) TV1 (b) TV2

Table 3 SImmary of reiability resultsfor flip chip assembly with reflowable underfill

Failure Rate of Thermal Cycle Test (TCT, -55°C ~ 125°C)

Test Vehicle After pre-con 250 550 750 1000 Total

V1 0/32 0/32 /32 0/32 0/32 0/32

TV1 overmold 0/32 0/32 132 /31 7/30 932

™2 032 2/132 0/30 0/30 0/30 2/32

TV2 overmold 032 032 /32 032 /32 0/32

™3 0/32 /32 131 0/30 /30 3/32

TVA 2/132 1/30 0/29 1/29 128 5/32
placement and could not escgpe during reflow.  Bond pad
Conclusion design dso has grest impact on void leve, where pre-soldered

In this paper the influence of assembly process on void
has been extensvely sudied. Voids were found to be trgpped
in bond pad aea during undefill dispensng and chip

subgtrate trapped least void. Underfill flowability was the key
to minimize void. As such, subdgtrate heating during underfill
digpensng a wel a bond head heding during chip



placement have been proposed, and proven to be effective for
removing voids. Thinner solder mask is preferred from the
standpoint of minimizing void aso. Furthermore, rdiability
and falure andysis were dso studied. It was found that bumps
that have been isolated from undefill because of voids were

prone to crack.
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