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ABSTRACT

Over the last few years, there has been an inciedke
rate of Head-in-Pillow component soldering defedtéch
interrupts the merger of the BGA/CSP componentesold
spheres with the molten solder paste during reflbve
issue has occurred across a broad segment of fiedust
including consumer, telecom and military. Therermeny
reasons for this issue such as warpage issues of th
component or board, ball co-planarity issues foABGSP
components and non-wetting of the component based o
contamination or excessive oxidation of teanponent
coating. The issue has been found to occur not@mlgad-
free soldered assemblies where the increased sajder
temperatures may give rise to increase componeartdbo
warpage but also on tin-lead soldered assemblies.

In order to reduce this affect work was done ortaétin-
lead and lead-free solder pastes which were deedlafth
flux formulations in the solder paste having higheat
resistance which did not lose their flux activatpmoperties
as quickly and quicker wetting which helped to rezlthe
head-in-pillow defect. The results of the evaluatme
presented with test methods to analyze the hepildmv
defect not only on BGA component test vehiclesaso
more fundamental studies to assess BGA/CSP soddler b
interactions with the developed versus control sofrhstes.
As well as reviewing some of the other causes @tHbad-
in-Pillow defect such as printed solder paste vaum
component placement and reflow profile used, an
assessment will be done on the industry standalnitshw
need to be updated or developed for component aardib
co-planarity in the as-received and reflowed coodg.
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INTRODUCTION

The head-in-pillow (HIP) soldering defect occursaagsult
of the incomplete merging of the BGA/CSP component
sphere and the molten solder paste during reflogu¢e 1).

The typical situation causing this defect involvies
following:

i) During the preheat and soak stages of the reflow
process, the BGA/CSP sphere and the flux
become oxidized.

i) At the early stages of reflow, the solder pastdsta
to melt, with bleed out of the flux and further
oxidation of the BGA/CSP bumps with a gap
between the reflowed solder paste and ball.

iii) The flux is then consumed as the solder melts.

iv) During the peak reflow stage, the oxide film on the
BGAJ/CSP sphere surface does not melt with
the reflowed solder paste which has a flux
layer with almost no activation.

v) This along with the fact that the time above
liquidous is limited before cooling, causes the
head-in-pillow defect.

Figure 1: Head in Pillow component soldering defect

Some of the causes of the separation of the BGA/CSP
sphere from the solder paste during reflow arateel to
component package warpage and inconsistent BGA/CSP
ball sphere size, with component package warpaipg be
especially problematic during lead-free solderirithwhe
higher lead-free soldering temperatures. An improp



reflow profile may also cause HIP defects if exoess
warpage of the component and/or the PCB resultgind
reflow there may also be lifting of certain BGA/CSpheres
from the paste deposit due to the wetting forcéimgc
during reflow.

Vaccaro et al. [1] showed that large component agep
could be caused by moisture in the part and thefise
higher peak lead-free soldering temperatures. Whidd
mean that even though the component may be qubtdia
certain Moisture Sensitivity Level (MSL) rating ftead-
free soldering according to IPC/JEDEC J-STD-020if2]
still may cause issues in production due to exuessi
component warpage. For a 37.5mm square partcagase
in die size from 5mm x5 mm to 11 x 11mm could help
reduce the component warpage during the lead-&fbmar
operation due to the additional stiffening from theger die
size.

Lathrop [3] also indicated that one of the mairtdas
influencing BGA coplanarity was component laminate
warpage due to underfill and over molding operation the
package side. Lin et al. [4] conducted a study oR P

(Package on Package) components using the Shadine Mo

technique to understand the influence of packagpage
during lead-free reflow assembly from 25°C to 26@H@
then back down to 25°C. Various factors had amarite
on warpage including die size, mold compound thégn
and mold compound CTE (coefficient of thermal
expansion), substrate material, thickness and cdpper
ratio which could then be optimized to reduce cong
package warpage.

The difficulty with this defect is that it is uslyavery
difficult to detect during inspection and functidtevel
testing. There is partial contact between the vedlb solder
paste and the ball sphere but no real metallurgicadt.
Thus, when the component is subject to mechanical o
thermal stress in the field, Head-in-pillow defdetzd to
failure.

Head-in-pillow soldering defects have also beemébio be
a result of a large temperature gradient (deltacrpss the
BGA component during reflow [5] causing un-uniform
melting of the component spheres into the pastad®h
Moire techniques have also been employed to uratedst
the warpage of the component during reflow withrésfiow
profile used in the Shadow Moire testing machingistéd
to simulate the production reflow oven profile.eTh
warpage effect of the component during the refloofije
can cause the head-in-pillow defect so it is imgoairfor
component warpage/coplanarity behavior during vetio
be understood and controlled by the component gmpl
during component design to prevent issues occuining
production.

Based on this issue, a set of experiments was ctedito
develop both tin-lead and lead-free solder pastéelp to

reduce the affect. As already discussed, someeaftdges
in Head-in-Pillow formation are:

Inconsistent ball size of the BGA/CSP sphere or a
extended time-lag in melting of the solder ball aadte
causing solder balls to detach from the solderepdsting
reflow.

As they are apart from one another, the soldeepas
solder balls get oxidized.

As the reflow time progresses the solder ballg star
drop back into the solder paste.

The solder paste and solder balls come back into
contact.

Oxidized surfaces on both ball and paste sidesehind
complete merging, causing the defect.

Based on these stages fluxes were developed fteah
and lead-free solder paste that retained their aggivation
level during the reflow/cooling stage which helged
remove the oxidized film formed.

Comparing tin-lead (Sn37Pb) with lead-free (Sn3AgW)
solder pastes, the lead-free paste would haveheihig
melting temperature and be more vulnerable to aaithn
with the increased temperature during pre-heatefhov.
For these reasons, wetting failures for lead-faddes such
as un-molten solder, non-wetting to components,heazal-
in-pillow defects would occur more often.

The tin-lead and lead-free solder pastes were dpedlto
accommodate high pre-heat, and prevent/ reduclecthe-
in-pillow defects caused by component warpage and
oxidation (Figure 2). The solder pastes developkhtessed
certain areas including flux activation level, hesgistance,
and paste printability with the experiments andiites
reported in the following sections.

Figure 2: Head-in-pillow defect (Warpage, oxidizaton)

EXPERIMENTAL
To prevent and reduce the head-in-pillow defecisraes of
experiments were done to understand and addresissiie.



There were various areas explored which are discuiss
the following sections.

Adjustment of flux fluidity

To reduce the oxidization of the solder paste lire f
fluidity was adjusted to have the flux protect Sudder
more from heat during the pre-heat stage.

Heat resistivity improvement of flux

The flux was developed so that the activation lef¢he
flux was increased during pre-heat by improvinghbat
resistivity of flux. Based on this the flux woul@ better
able to remove oxidized films on the BGA/CSP congn
sphere.

Nitrogen versus Air Reflow test

As head-in-pillow defects were typically caused by
oxidization of the BGA/CSP component and deteriorat
of flux, the occurrence of the defect could be dased by
reducing the oxidization of the BGA/CSP componesihg
flux that could help to remove oxidized film whitboosing
a more heat-resistant flux.

Reducing BGA/CSP component oxidation could also be
achieved in a nitrogen environment which would help
reduce oxidation. In case the nitrogen environncentd
not be used because of nitrogen cost issues, myrbasis
on flux development could be employed.

The primary development in flux formulations fan-tead
and lead-free solder pastes was to remove thezeddilm
on the BGA/CSP component and to improve the heat
resistance of the flux.

SnPb head in pillow paste development

The initial work over the last four to five yearasvto
remove head in pillow defects when using tin-lealder
pastes as this was the initial customer problehetp to
reduce head-in-pillow component soldering defettsn-
lead soldering. The following section describes th
development work in this area.

Test method on chip components using tin-lead solde
paste

To simulate the phenomenon, an oxidized componast w
placed on top of the previously reflowed and oedizin-
lead solder paste and then the combination waswet.
The evaluation consisted of using three solderggast
Control SnPb Paste A, Control SnPb Paste B andoivejor
Head in Pillow SnPb Paste C. The method developed u
the following steps:

i)  Oxidization of chip component - 150for three
hours 2125C [0805] chip size, 90Sn10Pb
component coating

i) Oxidization of the reflowed solder paste - 150
preheat for 1 minute followed by 230reflow
for 1 minute. The reflow profile used is shown

in Figure 3.
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Figure 3: Reflow profile used to oxidize the tin-lad
solder paste (Time over 183C = 120 seconds)

After oxidizing the chip component and the reflovesdder
paste, the chip component was placed on the reflowe
solder paste as shown in Figure 4. It would haxenbe
preferred to use molten solder paste to replideéead-in-
pillow defect more accurately but due to experiraént
difficulties, reflowed solder paste was used.

Figure 4: Chip component placement on reflowed sott
paste.

A reflow simulator was used to observe the melting
behavior in real time between the reflowed soldeste and
the chip component. The reflow simulator equipmesgd is
shown in Figure 5.



Figure 5: Reflow simulator used to observe real tim
melting behavior of the reflowed solder paste andie
component.

The reflow conditions used in the reflow simulatad a
ramp-up temperature of 1/sec, heating up to 215 peak
temperature as shown in Figure 6. The atmosphe us
during reflow was air.
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Figure 6: Reflow simulator tin-lead reflow profile used
(Time above 183C = 60 seconds)

SnAgCu head in pillow paste development

For lead-free solder paste development, chip copisn
with reflowed solder paste could also have beed bsi at
that stage of the development, BGA/CSP spheres usaé
as it more simulated the actual assembly test tiondi

Test method on ball spheres

To show the effectiveness of a solder paste inguténg the
head-in-pillow defect, a large amount of componemis
time would be required. To replicate the defect and
accelerate the evaluation procedure, an evaluatamn
conducted to look at flux activation level retentiat high
temperature using solder ball spheres.

This involved printing solder paste onto the tesirol
which was then placed on a static solder pot td thel

solder paste. Once the solder paste had meltetgrsol
spheres were placed on top of the reflowed soldstepat
various time intervals during reflow. If a soldeallbmelted
and merged with the reflowed solder paste, it wdgéd as
a good result and termed ‘O.K’. When no merger oel)
it was judged as a bad result and termed ‘NG’ asvahin
Figure 7.

Figure 7: Diagram showing flux activation level
evaluation for solder spheres with solder paste.

Test method on assembled boards

To look at the joint formation on the BGA/CSP coment,
the board was reflowed after solder paste wasqatioh the
test board. The BGA/CSP component was then plaged o
top of the reflowed solder on the board pads afidwed
again as shown in Figure 8. The melting behavis wa
observed in a reflow simulator with inspection lod t
soldered joints by peeling off the BGA/CSP compdnen
from the test board after reflow.

toco

Figure 8: Joint formation evaluation using a BGA/C®
component on reflowed solder paste.

Test Vehicle evaluation

Test boards were also used to assess head in pillow
performance by intentionally oxidizing BGA/CSP
components and then assembling onto paste priestd t
boards followed by reflow to see if the developeliier
paste could help to improve head in pillow perfonceby
analysis of soldering to the oxidized BGA/CSP spher
components.

RESULTS AND DISCUSSION
SnPb head in pillow paste development results

Results on chip components
The wetting of the three different SnPb solder gmstith
components with the reflow simulator are shown abl€ 1.
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Table 1: Reflow simulator results for Control SnPb
Paste A, Control SnPb Paste B and Head-in-Pillow $b
Paste C.

From Table 1, for the control SnPb Paste A thers mea
real soldering connection between the reflowedgast
component after reflow. The Head-in-Pillow sucoeds
was not very good because the flux in the soldstepaas
high in viscosity and it tended to stay underndhgh
component, and hindered a good connection/contact
between the component terminal and the solder palsee
control SnPb Paste A had flux residue which wasdérar
than the flux residue used in Head in Pillow Sn@bte C.
At the higher melting temperatures, the flux residias less
soft than the flux residue for Paste C which redute
amount of contact of Paste A compared with PastatiC
the component termination increasing the amouhieafl-
in-pillow defects. The same principle would als@lgo
BGA/CSP components. The higher the flux viscogtg,
more likely that there would not be good contadieen
the BGA/CSP component and the paste causing tlteihea
pillow defect.

For the control SnPb Paste B, the flux in the solukste
had a lower viscosity than the control SnPb Pastehith
gave good contact between the component terminatich
the solder paste, which would help to reduce thedfie-

pillow defect. However, as the amount of flux reniag
around the reflowed solder paste in contact witlke th
component was relatively small, wetting to the comgnt
was not very high which increased the potentialhfead in
pillow defects.

For Head in Pillow SnPb Paste C, with the flux oSty
being lower, the paste made good contact between th
component termination and the solder paste. Thecestl
flux flow compared to control SnPb Paste B helpetbave
the required amount of flux around the solder paste
contact with the component which helped to remdwe t
oxidized component film. In addition the flux in fa C
retained its flux activity during the tin-lead @i profile
better than Paste A or B which allowed for bettetting at
a lower soldering peak temperature (210°C).

One of the developments for SnPb Paste C wasdarsol
paste with a certain flux fluidity, so that thedsd particles
were protected more during the preheat and reflow
operation which helped to improve head-in-pillow
performance as shown in Figure 9.

Protection of the solder by flux
Figure 9: Flux flow comparison between two types of
flux showing different solder particle coverage

For Figure 9 for the top pictures, the flux flowst aluring
preheat with the top of the solder deposit expoleading it
more vulnerable to failures such as the head-iowil
soldering defect. For the bottom pictures the ftaxers up
to the top of the solder deposit as the fluiditytradf flux is
low. This helps to prevent oxidization of the saldaring
heating which improves head-in-pillow performance.

SnAgCu head in pillow paste development

Results on ball spheres

The testing results for lead-free SnAgCu spherds thie
developed lead-free head-in-pillow solder pastd an
control paste are shown in Table 2.



After 30sec After 50sec After 70sec

Table 2: Retention of flux activation level for Leal-free
Head-in-Pillow SnAgCu Paste D (Top Row) versus
Control Lead-free SnAgCu Paste E (Bottom Row)

The lead-free SnAgCu head in pillow paste D sholiter
performance in the solder paste to ball mergingeesn
after longer reflow times versus the control SnA¢gGste
E. This was because the flux used in Paste D was mo
resistant to heat, and capable of removing theizedtfilm
from solder ball even after the prolonged meltingget

As already indicated, the development of the lead-head-
in-pillow paste included improving the coveragetuod
solder particles after melting to reduce oxidatmal
improving the flux heat resistivity. By coveringetisolder
surface with flux after melting, the solder wastpated
from oxidization at peak soldering temperaturesreby
enhancing resistivity to the head-in-pillow defastshown
in Figure 10 compared with a conventional lead-Geler
paste.

Upon melting 20sec after melting Conventional paste

Figure 10: Lead-free paste melting behavior comparig
the Head-in-Pillow paste with the conventional past

For improved flux heat resistivity tests were donethe
flux by heating at 300°C to determine flux rosirazo
change. Good results were indicated by only a logihdr
change after heating (Fig. 11).

Conventional fluxmproved flux version

Figure 11: Comparison of flux rosin color after heding
at 300°C for lead-free SnAgCu paste showing
conventional versus head-in-pillow solder paste
performance

As shown in Figure 12, it takes a longer time far Head in
Pillow SnAgCu Paste D to deteriorate in the bonding
performance test between the solder paste andlthers
ball (60 sec) in comparison with the Control SnAdg€aste
E and other SnAgCu paste materials (Pastes FassBssed
(20 to 50 seconds).

Figure 12: Comparison of the retention of the paste

bonding performance for Lead-free Head-in-Pillow

SnAgCu Paste D versus the other ShnAgCu paste
materials

Results on assembled boards
Test boards were used to confirm the ability ef l#ad-free
Head-in-Pillow developed paste to have good heat
resistivity and fluxing ability in the solder pasteremove
oxidized film under more severe test conditiona meflow
simulator as shown in Figure 13.

Initial 225C 235C

Lead-free Paste D

Cross section

Conventional SnAgCu paste E

Figure 13: Observations in a reflow simulator for
oxidized BGA/CSP sphere components with Lead-free
Head-in-Pillow SnAgCu Paste D versus the conventiah
SnAgCu Paste E.

The newly developed Head-in-Pillow SnAgCu paste D
started to form a solder joint between the pastethe
solder ball at 225°C and achieved complete merdférthe
solder ball at 235°C. For the control SnAgCu p#&stthe
merging of the solder paste and ball was incomgletboth
the solder and flux were oxidized in the first ogfland the
flux remaining was unable to remove the oxidizémh fbn



the solder ball during a subsequent reflow. Exanadeal
appearance pictures of the solder joint after pfebf the
component from the board are shown in Figure 14. Th
lead-free SnAgCu head in pillow paste D showedebett
performance in joint formation compared with thatrol
SnAgCu paste E.

PCB side Component side

Paste D

Paste E

Complete merging Incomplete Head-in-pillow defect

Figure 14: BGA Joint formation results for Lead-free
Head-in-Pillow Paste D versus conventional SnAgCu
paste E.

The results of the evaluation for the differentldsee
SnAgCu pastes are shown in Figure 15.

Figure 15: Solder joint formation of the different lead-
free SnAgCu pastes tested

From Figure 15, the head in pillow paste D showed n
occurrence of the head-in-pillow defect comparetth wi
control SnAgCu Paste E and the other SnAgCu sqldste
materials tested.

Lead-free SnAgCu solder paste Nitrogen versus Air
atmosphere reflow test results

In a study comparing nitrogen versus air reflowats found
that head in pillow performance improved with thse wf
Nitrogen atmosphere (1,000 ppm)@resumably because
the nitrogen helped to retain and improve flux\atti
during the reflow profile for the lead-free SnAg€aider
paste as shown in Figure 16.
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Figure 16: Occurrence of head-in-pillow soldering
defect in Air versus Nitrogen atmosphere during led-
free SnAgCu soldering

As already indicated because of concerns for N&nogpst
in reflow soldering the main development work
concentrated on improvements of the lead-free SmAgC
paste with improved flux formulations developedngsi
reflow profiles in air atmosphere as already désai

Discussion of board and component warpage standards
and other factors influencing the Head-in-Pillow
soldering defect

As already mentioned, one of the primary factorssoay
the head in pillow issue is warpage of the compbaad/or
board. For the component, the JEDEC JEP-95 stdfi]ar
refers to measurements of component coplanarityéts at

room temperature. The maximum package warpageoat ro

temperature is 3 to 8 mils (0.075 to 0.2 mm), depenhon
the ball pitch from 0.4mm to 1.27mm [7]. However,
component coplanarity and flatness at room temperat
could be different than at the SMT reflow temperasuat
which HIP defects occur. JEITA and JEDEC standards
being developed to provide guidelines on the corepbn
coplanarity and flatness specifications during Sidflow
[8, 9]. Some of the suggested changes include gavin
maximum package warpage during reflow of 3 to Gmil
(0.075 to 0.15mm) dependent on the ball pitch enrdmge
of 0.4mm to 1.27mm [7].

For the board, current IPC standards refer to amam
board flatness of 7.5mils/inch [7]. For a large BGA
component this would allow the maximum
coplanarity/warpage along the board pad diagonbéttmo
high. The current board standards do not scalectyr
with package size and 1/0O count and need to bestaiju
accordingly. Currently, there is work underway B§MI
to measure board land coplanarity at room andweflo

temperatures [7]. Based on this work, recommended
acceptance criteria will be proposed to the relelR@
standard groups. In addition, the results of theNN work
will be provided and input into the board and comgnt
coplanarity requirements for JEITA and JEDEC so wamm
standards can be developed.

Some other areas to consider when a head-in-piieue
has occurred are to check for insufficient soldeste
deposit by understanding stencil aperture and sterea/
aspect ratios as well as non-wetting of the compbae
board due to potential contamination or excesskigation
of the coating. In production, the solder pasteesc printer
could also cause Head-in-Pillow joints if it doex deposit
sufficient solder paste or if there is inaccuratatp
registration on the board. The BGA/CSP componeateyl
could also be the cause of Head-in-Pillow defddtsdre is
inaccurate x-y component placement or if there is
insufficient downward pressure pushing the compbnen
spheres into the solder paste deposit. Some oéthedies
have been to modify stencil thickness and stempattares
to increase paste deposition to compensate for the
component package and board warpage causing tbetslef
[10]. In addition to solder paste inspection towersggood
paste deposits, the placement pressure in theapitiplace
machine could be adjusted to ensure the BGA balew
correctly seated in the printed solder paste.

Optimization of the reflow profile also may be neddis
well as the already mentioned development of flux
formulations with higher heat resistance throughbat
reflow profile which could help to reduce the Hdrd-
Pillow defects on tin-lead and lead-free assemblies

In summary, the head-in-pillow defect has many pibdé
causes, including component and board warpage, ball
coplanarity and ball oxidation, paste volume anzkty
component placement and reflow profile used. Some
these, such as warpage, oxidation and coplanardy,be
increased by the higher temperatures associat&édeeitl-
free soldering. The typical solution would requare
systematic approach to identify the specific cdeading to
the issue which would then focus efforts on remgkin
reducing the defect rates.

CONCLUSIONS

Newly developed tin-lead and lead-free solder palstare
been shown to help to reduce the occurrence dig¢hd-in-
pillow defect by controlling flux fluidity and impwved heat
resistance of the flux used in the solder paste.
However this would only be a partial solution asréhalso
needs to be progress in reducing warpage of conmp®ne
and boards during reflow by updating/developing the
industry standards related to this area.

FUTURE WORK
As already indicated more work is needed on devetp
of standards for the component and board to redacpage



during reflow. Also new developments are startmg@d¢cur
with Halogen-free lead-free head in pillow soldestes to
develop new halogen-free flux formulations with noyed
heat resistance and fluxing ability.
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