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Abstract

This paper discusses the results of several independent experiments designed to address the many aspects of successful PoP
integration. Assembly through the use of in-line stacking and pre-stacking was evaluated. Top package soldering was
performed by dipping in either flux or paste. The warpage behavior of each level, as well as the full module was
characterized through simulated reflow using Shadow-Moiré analysis. Warpage behavior was found to be a limiting factor in
assembly yields.

Reliability of PoP assemblies was evaluated using drop/shock, vibration and thermal cycling. The level at which failure
occurred depended on the location of the module on the PCB. Underfill was found to greatly enhance mechanical reliability,
however thermal cycling reliability was decreased.

Introduction

Package on Package (PoP) was developed to integrate the logic and memory devices primarily found in portable consumer
products. Stacking the devices allows for vertical expansion while minimizing overall footprint. Several levels of stacking
might be used, and the assembly and reliability consequences are not trivial.

Assembly yields will be greatly affected by the individual package characteristics, including warpage, as well as the
particular assembly process that is adopted. In-line stacking, where both devices are soldered in the same process step, or
pre-stacking, where the module is built in a separate process step, both have their individual challenges. Further, the material
selection for soldering, whether paste or flux, as well as the particular composition and even the supplier of that material,
may have a drastic impact on the assembly robustness.

Reliability of PoP has so far been characterized mostly by mechanical means, as this technology is found primarily in
portable and handheld electronic devices. Here, the choice of solder alloy, pad finish, and other package attributes will be
critical. The complication of mechanical testing is that it is usually driven by PCB flexure, which inherently has a large
location effect. Therefore it is important to characterize not only the failure rates, but the primary failure location and mode
based on the location of the module on the PCB. The following summarizes several experiments intended to uncover both
the assembly and reliability issues of Package-on-Package, and to help draw general conclusions that can be expanded to
many other devices.

Package Warpage Characterization

Several packages were selected for characterization. These included the common 12mm and 14mm packages available from
Amkor, which are made up of a PSVfBGA bottom package and an FBGA top package. In addition, 14mm and 15mm
packages from other suppliers were also considered. Table 1 below summarizes the packages used in this characterization,
including pad finish and solder alloy. As shown by the listing for the Amkor 12mm packages, the solder alloy and pad finish
was not consistent, even for devices within the same matrix tray. Optimum reliability of non-reinforced packages was
obtained when the bottom package used LFA3 solder alloy (Sn/1.2Ag/0.5Cu/0.05Ni) and Cu-OSP pads [1, 2].

Table 1. Packages selected for characterization.

package || Body Size Boat‘torr:nlfsackage Top Package

\dentifier) (M) |l gy ppiier || (Bottom/Top) || Solder Alloy || Supplier || Pad Finish Solder Alloy
1 12 Amkor Cu/ENIG SAC305 Amkor Cu or ENIG [[ SAC305 or SAC105
2 14 Amkor Cu/ENIG SAC305 Amkor Cu SAC305 or SAC105
3 14 Supplier B|| ENIG/ENIG SAC405 Supplier C Cu SAC305
4 15 Supplier Dff  NiAu/NiAu Supplier D NiAu




Warpage of the two parts is critical to assembly yields [1-5]. In an in-line stacking process, where both the top and bottom
packages are assembled onto the PCB at the same time, the warpage behavior of the individual levels is the critical
parameter. In a pre-stacking process, the warpage of the individual packages is critical during the pre-stacking, but the
behavior of the fully soldered module is important during the assembly of the module to the PCB.

The four unique PoP assemblies shown in Table 1 were measured for thermally induced warpage using an Akrometrix
TherMoiré PS200 warpage measurement system. The individual packages were measured, as well as a pre-stacked module
for each case. All measurements were taken on the bottom side of the packages (dead-bug orientation). The packages were
heated to Pb-free reflow temperature (240 °C or 245 °C) and the surface warpage was measured at various temperatures
during the profile to characterize the behavior. The sign convention from the JEDEC warpage standard [6] was adopted,
which defines positive warpage as the corners of the package bending towards the PCB and negative warpage as the corners
of the package bending away from the PCB (Figure 1). Figure 2 shows the warpage results for all 4 package types.
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Figure 1. Warpage sign convention, adopted from [6].
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Figure 2. Warpage of different PoP Packages. (a) Amkor 12mm package; (b) Amkor 14mm package; (c) 14mm Package
from Suppliers B and C; (d) 15mm Package from Supplier D.




The complex warpage characteristics of the PoP module have an impact on the solder joint formation and assembly yields. In
Figure 2(a), the 122mm Amkor device does not show any surprising warpage trends, and when assembled, 100% vyields were
achieved whether by inline or pre-stacking the devices. Figure 2 (b) shows that the 14mm bottom package from Amkor has a
high amount of negative warpage at elevated temperature, which will affect solder joint formation, discussed below. The
14mm bottom package from Supplier B had the greatest warpage change between 183 °C and 217 °C, presumably due to an
unbalanced construction and exceeding the glass transition temperature of the substrate material. In the pre-stacked
arrangement however, this package tends to be much more stable. The 15mm package from Supplier D shows a great
amount of negative warpage at elevated temperatures, and does not relieve that warpage until past the solidification
temperature of the solder. Because of this warpage behavior, the package from Supplier D exhibits many head-in-pillow
failures just after assembly.

Solder Joint Formation

The 14mm Amkor PoP device was assembled onto test boards with an in-line process using both flux and paste dipping of
the top package. Dip thicknesses of 30% and 50% were used for both the flux and paste dipping processes. Cross-sections
were prepared after assembly, to measure solder joint heights across both the top and bottom package. Figure 3 shows the
distribution of joint heights on the bottom package along an outer row of joints. This result agrees with the bottom package
warpage results shown in Figure 2(b), where the corners of the package tend to warpage away from the PCB at elevated
temperature, resulting in taller joints at the corners. The joint heights of the top package were more consistent along the outer
row, indicating limited warping of that package relative to the bottom package. The average top package joint height as a
function of dip material and thickness is shown in Figure 4. The error bars represent one standard deviation for 20 measured
joints. Only the 50% flux dip was considered here, as it was assumed that flux thickness would have no effect on joint
height. Paste dipping provides for 1-mil greater standoff of the top package due to the increased solder volume. We see no
difference in joint height between the 30% and 50% paste dipping. The increased joint height of the top package may
contribute to an overall more flexible POP module, and the reliability consequences of this will be discussed later.
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Figure 3. Solder Joint Heights along the outer
row of bottom package after reflow.

Figure 4. Solder joint heights of the top
package for three dip conditions.

Pre-Stacking Assembly

An in-line assembly process for PoP is relatively straight forward using existing surface mount equipment [7]. This includes
screen printing paste onto the PCB and placing the bottom packages onto the paste deposits. Top packages are then picked,
dipped in flux or paste and placed onto the bottom package. No special inspection is necessary; the entire process can be
performed with only global PCB fiducial recognition. Various solder paste suppliers have introduced special pastes for
dipping to optimize PoP assembly.

Pre-stacking PoP modules may be desired in certain cases. Dipping the top component in flux or paste in an in-line stacking
process can reduce throughput significantly compared to direct pick-and-place because of the necessary steps involved. This
includes an extra ball inspection step performed after dipping to ensure that the part is not rotated by the process or lost in the
flux. Some assemblers may have to invest in specialized fluxing equipment in order to assemble PoP devices and this may
not be cost justifiable, so outsourcing PoP pre-stacking may be necessary. Even then, it has also been noted that some
placement machines and rework stations cannot place components on top of other devices placed during the same placement
program. In these cases the placement program must be terminated and a new program loaded to proceed with the process
which significantly reduces throughput. Software modifications may or may not be available to correct this issue. Also, the



challenges of rework operations may be better suited to a full module replacement, which would require a pre-stacked
module [8].

For the reasons listed above, a pre-stacking process was developed for the 12mm Amkor PoP package (Package ID-1). A
pallet was designed containing 25 pockets in which the bottom device is loaded in the desired orientation as shown in Figure
5. Note that the loading process can easily be automated for high volume applications, but the packages were manually
loaded by hand for this exercise.

Figure 5. Stacking pallet (half loaded with PSvfBGAS).

In our case a standoff pedestal as shown in Figure 6 was included at the center of the pocket to raise the solder balls off of the
bottom of the pallet. This was possible because the device is a perimeter array package. Other solder ball array types may not
be able to accommodate this feature. The standoff pedestal prevents the PSVfBGA solder joints from collapsing during the
initial reflow process when the top and bottom devices are joined. Flattened or coined solder balls are less desirable for the
attachment process of the PoP module to the PCB. Slots were added in each pocket to optimize thermal uniformity and to
reduce the thermal mass so that the oven temperatures could be lower while still providing proper soldering temperatures at
the module.

Figure 6. Cross section of pallet pocket design with PSVfBGA in place.

The pallet is loaded into the pick and place machine and the locations of each component were identified by using the top
surface attachment pads of the PSVfBGA as local fiducials. The top devices are picked from a feeder, dipped in flux or paste,
inspected for theta correction and placed on top of the bottom packages. The entire pallet is then reflow soldered. This
process was successful in creating 50 pre-stacked devices which were subsequently reflow soldered to a PCB resulting in
100% vyield.

Note that the pre-stacking process was designed to compensate for component size variation by using pallet pockets which
were slightly larger than the maximum size of the PoP packages based on manufacturer's tolerances. This resulted in
significant "play" within each pocket and local fiducials were required to properly place the top devices. However, the actual
tolerances measured were considerably smaller than published and it appears that tighter pockets could have been fabricated
thereby eliminating the need for the time consuming local fiducial recognition process.

Reliability

Stackable package technology has been most widely adopted in portable and handheld electronics. Therefore the primary
reliability concern is mechanical loading. Several experiments were performed to address the mechanical reliability of
Package on Package devices, specifically drop and vibration reliability. Limited thermal cycling was also performed to
compare PoP devices with and without underfill reinforcement. Reliability testing was only performed on the Amkor
packages due to test vehicle availability.



12mm Package

Pre-stacked Amkor 12mm PoP devices were mounted onto 0.062” thick test boards, measuring 4.5x4.5 in. (114.
3x114.3mm). The devices were located away from the center of the board, near the board supports shown in Figure 7. This
version of the Amkor device utilized SAC305 solder joints on both levels. The pad finish on the top package was Cu, while
the pad finish on the bottom package was Cu on the bottom and ENIG on the top. Drop testing was performed per JEDEC
JESD22-B111 [9], with each component being electrically monitored via event detection. A total of 150 drops was recorded,
with only six of eight modules failing. The characteristic life, obtained from a 2-parameter Weibull distribution was 136
drops. Notably all failures were at the top package, at the inner-most corner of the package array, closest to the board support
(Figure 8). The failure mode was by cracking of the intermetallic layer at the bottom pad, as shown in Figure 9. There was
also significant damage to the bottom level, in terms of pad cratering at corner pads (Figure 10). However, because the 3
corner joints in each corner are non-function mechanical pads, no electrical failure was detected.
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Figure 7. Diagram of test vehicle for 12mm Amkor
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surface on the PSVfBGA. corner-most joints of the bottom package, but these
are non-functional so no electrical failure was
detected.

PSVfBGA Top Side Attachment Pad

A second test vehicle was procured to investigate the location effect on failure modes, as well as evaluate underfill
reinforcement. This second test vehicle utilized the same board dimensions as the first, but included PoP locations along the
center-line of the board, where the greatest bending stresses are expected to occur during a drop event. The six PoP devices
on each board were separated into two groups: Inner and Outer, as shown in Figure 11, below. This version of the 12mm
Amkor package utilized ENIG pads on the top package, as opposed to Cu pads in the previous test.



Figure 11. TV2 used in Amkor 12mm Reliability Investigation.

Four different underfill combinations were evaluated, including underfilling the full module, underfilling the bottom package
only and finally bonding the top package to the bottom package. Capillary flow was used to underfill the full module and the
bottom module only, as shown in Figure 12. Pattern dispensing on the top of the mold cap of the bottom package prior to
placement of the top package was the procedure used for bonding the top to the bottom package, as shown in Figure 13.
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Figure 12. Jet or needle dispensing results in capillary flow. Smaller volumes underfill the bottom only, larger
volumes will underfill both levels of the stacked module.

(A X X XXX NN Y R N X

o000 0eieoffd (L3 PESHPOIPCP OIS OHBOD

() (b) ()

Figure 13. (a) Pattern dispension on the top mold cap of the bottom package; (b) Underfill coverage after
placement of top device; (c) underfill coverage on bottom of top package after placement.

Vibration testing and thermal cycling was performed on this test vehicle. The vibration input was a pure sine wave with a
30-G acceleration amplitude. The driving frequency was set to board resonance (approx. 275Hz) to excite only the first
bending mode of the test boards. Failure was determined by manual resistance measurements after every few minutes of
testing. In the non-underfilled condition, the top and bottom packages had similar failure rates when located in the outer
position. Figure 14 shows the results for all for underfill conditions, both component locations (inner/outer) and top and
bottom package cycles to failure. From this graph, the following general observations were made:

1. Non-reinforced components: At the inner location, where board flexure is higher, the bottom component fails first.
At the outer location, the top and bottom components fail at about the same number of cycles. This trend agrees with
previous drop testing, which showed that the top component becomes more likely to fail first when closer to the
supports.

2. Bottom only reinforcement successfully protects the bottom package from failing (no bottom failures were observed
in 250k cycles), but transitions the failures to the top location. The overall reliability of the module is lower at the
outer location compared to non-underfilled module.



3. Bonding the top package to the bottom package successfully protects the top package from failures (no top failures
were observed in 250k cycles). The overall module reliability is comparable to the non-underfilled modules at the
outer location, but better at the inner location.

4. Full module underfill successfully protects both levels from failure. No failures were recorded in 325k cycles.
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Figure 14. Vibration reliability results for various underfill conditions. Data is split up between inner and out
locations, as well as top and bottom package.

Accelerated thermal cycling (ATC) was performed using a -40 °C to 125 °C profile, and 60 minute dwells at each
temperature extreme. In this test, both SAC105 and SAC305 balled top components were tested in the full module underfill
case. Weibull distributions were fit to the failure data and the characteristic lifetimes are summarized in Figure 15 below.
All reinforced cases fail much sooner than the non-underfilled case. The selection of underfill material, and even the top
component solder alloy has a large effect on lifetime. Top packages using SAC105 tend to last longer than those using
SAC305. The effect of underfill on the mechanical and thermal reliability was similar to other researchers [10].
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Figure 15. Characteristic Life in ATC for 12mm Amkor PoP.

14mm Package

The 14mm Package from Amkor was evaluated using drop testing. Components were assembled using an in-line process, by
flux- or paste-dipping the top component. Dip thicknesses of 30% and 50% were evaluated. Figure 4 shows the top package
standoff as a function of dip material and thickness. The test board for this investigation was a live product board which was
modified slightly to accept the JEDEC defined board mounting positions [9].



The board dimensions were 150x93mm, 0.8mm thick. Component location effect was considered, with both “inner” and
“outer” locations as shown in Figure 16. Locl, Loc2, Loc3 refer to strain gage placement, as described below.
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Figure 16. Diagram of Drop Test Vehicle for Amkor 14mm PoP Package.

The previous drop and vibration testing showed that the location of the component on the PCB has a great effect on not only
the lifetime, but also the location of first failure (top or bottom package). The dynamic response of this test vehicle was
characterized using both the acceleration response as well as strain at various locations on the PCB. Figure 17 shows the
acceleration response at the center, inner and outer component locations. Clearly the greatest response is at the center of the
board, where the most flexure occurs during the drop event.
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Figure 17. Acceleration response at the board center, inner and outer component locations.

The layout of strain gages, with Locl being near a support, Loc2 being near a component corner and Loc3 at the center of the
board, are shown in Figure 16. Figure 18 shows the measured strain values during the drop test, in the length, width and
diagonal directions. This strain data indicates that the bending along the length of the board is greatest at the center, and
reduces closer to the board support. The bending along the width is greatest just away from the center (location 2), and is
very small near the supports. Most interesting though, is that the bending along the diagonal of the board is greatest near the
supports. All three graphs show a contribution of multiple bending modes, with the first mode being dominant at locations 2
and 3. At location 1, which is near the support, the 2" mode, which is a twisting mode, is dominant. This particular bending

mode may be directly related to transition of failure from the bottom package near the center of the board to the top package
near the supports.
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Figure 18. (a) Strain history along horizontal direction; (b) strain history along vertical direction; (c) strain history
along diagonal.

Drop testing on these test vehicles was conducted until each particular site had failed, whether by top or bottom package, or
until 300 drops, whichever came first. Because of the stipulation that only the full site is required to fail, full failure data for
both top and bottom packages is not available. However, the testing indicated that out of 301 tested modules, 294 failed at
the bottom package first. There were seven (7) instances where the top package failed before the bottom. Out of those seven
(7) top packages that failed first, six (6) were located at the outer component location, which agrees with both previous test
vehicles that saw a greater amount of failure of the top package at the outer component location. Figure 19 shows the
characteristic lifetime in drop test for the different top package solder conditions. The data reports failure of the module only,
whether by top or bottom failure. The data is broken into inner and outer component lifetimes, and shows that the outer
components last almost 100% longer than the inner components. The data also shows that paste dipping gives increased
lifetime, presumably due to decreased module stiffness from the greater standoff on the top package. This translates into
lower stress in both the top and bottom joints during the bending event in the drop.

When the full module is underfilled, only a single failure in 32 tested packages was recorded in 300 drops, which passed the
reliability requirements for this particular test vehicle. Again, underfill is shown to be a successful in protecting the stacked
module in mechanical loading situations.
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Bottom package failure modes were either pad cratering of the PCB or intermetallic failure at the component side pad (Cu-
Pad). Some PCB pads included a micro-via, and in that case the cratering path included barrel cracking of the copper via.
Examples of bottom package failure modes are shown in Figure 20.

Figure 20. (a) Pad cratering on a surface-pad, (b) Pad cratering causes barrel cracking of micro-via; (c) Intermetallic
fracture at the component side (Cu) IMC layer.

This 14mm package was also subjected to ATC, with a thermal profile of -40 °C to 125 °C, with 60 minute dwell times at the
temperature extremes. Two PCB surface finishes were used, including CuOSP and ENIG. The top and bottom packages
were monitored individually, and it was found that the top package consistently failed before the bottom package. The PCB
finish did not affect the top package failure rates, which is expected. However, the PCB finish did affect bottom package
failure rates, with the Cu PCB outperforming ENIG by 60%. The failure data is shown by a 2-parameter Weibull distribution
in Figure 21.

g5 W/er

i - Bottom Package, Cu PCB |

® 0 3 0 KR £ 0 QO
i

Top Package, Cu PCB | g ] | Bottom Package, ENIG PCB ‘
Top Package, ENIG PCB ‘ i

10

[}

D - ‘."I Eta Beta r*2 n/s

F N ;... " ‘ 1811.2  3.984 0.902 14/11
.. €87.9382 6.992 0.626 14/0

® I / 1116.516 6.944 0.719 15/4

661.9308 6.961 0.666 15/0
1 / i
100 1000 10000

Cycles to Fail

Figure 21. Failure data for ATC on 14mm Amkor PoP, using a Cu and ENIG PCB.

Conclusions

The preceding summarizes several experiments meant to address both the assembly and reliability concerns of Package-on-
Package technology. Because the experiments were based on specified test vehicles, direct comparisons between each are
not possible. However, general conclusions can be made by observing the trends.



In terms of assembly, the warpage of the device during solder solidification is critical. The Amkor 14mm package
actually showed more warpage at peak temperature than the devices from Supplier D, but the warpage of the
Supplier D package did not relieve until past the solidification temperature. Because of this, head-in-pillow failures
were common on the Supplier D package, but not on the Amkor 14mm package.

Pre-stacking the packages is a relatively straight forward process, and can be incorporated into existing surface
mount assembly equipment. Specialized pallets need to be fabricated for holding the bottom package.

In-line stacking is also straight-forward, as long as the placement equipment allows placing one component onto
another. Placing the top component is successful using a flux or paste dip, but paste dipping results in a taller joint
on the top component. If paste dipping, the proper paste should be selected that has been developed for that process.
The drop reliability of the devices is not limited by either the top or bottom package, independently. The trend seen
on the various test vehicles presented here shows that the bottom package is most likely to fail when the module is
located in an area of high PCB bending. When the module is located closer to a fixed support, the top package
becomes more likely to fail. The dynamic board response suggests that the 2" bending mode (twisting) may be the
driving factor for top-package failures. Reliability engineers should take care in generalizing results.

Selectively underfilling the top or bottom level individually provides for significant gains in mechanical reliability
of that level, but transfers the failure to the other level. The overall module reliability is comparable to non-
underfilled devices.

Fully underfilling the modules successfully protects the solder joints in mechanical loading, but severely decreases
the lifetime in accelerated thermal cycling.

The choice of PCB pad finish has no impact on the top package reliability in ATC. However, like other surface
mount devices, this will affect the reliability of the bottom package. Our reliability results show that the top package
is less reliable in ATC than the bottom package.
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2 14 Amkor Cu/ENIG SAC305 Amkor Cu SAC305 or SAC105
3 14 Supplier Bff ENIG/ENIG SAC405 Supplier C Cu SAC305
4 15 Supplier Dff  NiAu/NiAu Supplier D NiAu




APEX _
=9 Pre-Stacking Process

Specialized pallet to hold bottom
packages

Pedestal designed to lift solder
balls off surface to reduce coining

Relief holes to enhance thermal
uniformity and lower thermal mass

Top Packages are dip-fluxed and
placed on bottom package

— Local fiducial recognition using pads
on top of bottom package

Complete pallet is reflowed.

T 1

Sectioned view of pocket with
pedestal and relief at solder balls
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APEX
Fe 0 Warpage

e Thermally Induced Warpage is measured on
the ball-side of the components

e Simulated Reflow
e Top/Bottom and Prestacked

e Adopted Sign Convention from JEDEC JESD22-
B112 standard

Positive Negative




APEX
a2 Amkor 12 & 14mm Warpage

e 12mm e 14mm
very little — Flatter at solder solidification
— Prestacked has greatest — Prestacked module is more
warpage, but still small stable
— No expected assy. issues e warps only 3-mils
* ? * i 14 B Pack
3 12mm :?::c;:ci:;(l:age 3 mm —a— Top Package ’
) i - -®- - PreStacked Module , - -®- - PreStacked Module
14 14
5 0f g of
£ E
-3 34
-4 4
-5 5
_6 L ' ; L ; L ; _6 : . . L , L , L
25 100 150 200 245 200 150 100 25 25 100 150 175 200 225 245 225 200 150 100 25

Temperature (°C) Temperature (°C)



IPc

e Package 3

Warpage (mils)

— Bottom Package has high
warpage @ 217 °C
o T,effect?
— Prestacked is more stable

Package3 —e— Bottom Package
A —a— Top Package
- -®- - PreStacked Module

25 40 100 150 183 217 227 240 227 217 183 150 100 25
Temperature (°C)

Xbo Package 3 & 4 Warpage

e Package 4

Warpage (mils)

4T
3 —e— Bottom Package
34 —a—Top Package
21 Package4
1 4
0|
_1 i
21

Bottom package has high warpage
during reflow

e continues past solder solidification
Head-in-Pillow failures observed.

Temperature (°C)



APEX ]
P2 \Warpage Effects on Solder Joints

s
e 14mm Amkor PoP
— In-line assy. _
e Standoff Greatest at corners ¢ 99: |
e 1-mil Difference in standoff % ...|
in the outer row o
8-75’§

85 \

i3 &5 7 9 11 18 15 17 19 21 23 25

Joint Number

Left1 Left2 left13 right13 right2 right1
8



APEX . .
=%  Top Package Joint Height

e Flux or Paste dip 0T
— 30% or 50% : TL

15.50 ¢

—
ol
o
S

e Joint are slightly taller in
center vs. corners

14.00 |

e Paste dipping results in 1-
mil greater joint height thane |
flux dipping. 18501

op Package Joint Height (mils)
N
(@]
o

13.00 +

° D|p thickness has negllglb'G Flux 50% Paste 30% Paste 50%
effect on joint height.



APEX
a9 Underfill: 12mm Package

e Full module
e Bottom Component Only
e Bond Top to Bottom

Jet or Needle dispense, capillary flow. Volume of deposit will affect the underfill levels.

10



APEX
=" Underfill: 12mm Package

e Bonding the top package to the bottom must be
performed prior to reflow

e Dispense a pattern onto the mold-cap of the bottom
device.

Dispense X-Pattern Undefill coverage Undefill coverage
on Mold Cap of on mold cap of on top package
bottom package after placement

bott k
ottom package after placement

11



APEX . -
=% Reliability: 12mm Package

e Pre-Stacked evaluation
e Drop Test reliability: JEDEC JESD22-B111

— Test vehicle included 4 PoP sites near the board N
supports - Bieop st |
— All electrical failures occurred at the top S
component : EsEEE

— Inner corners at the top of bottom package

Failure

Fracture at the Ni-Pad on
the PSVfBGA

12



APEX

=XP9  Underfilled Reliability: Vibration

250000 .
. L Outer Location, Bottom Posmmo
e No Underfill: ; |
— Inner location fails at bottom 200000 { - -~ Cuer Losation, Top §
paCkage f| I‘St & m— Inner Location, Top %
— OQOuter location fails at Top f,’ 150000 | ;91
Package first = ’ =
L. o
e : 5
g 100000 | 2
® FU” MOdUIE: i Inner Location, Bottom E_f_!
50000 -} S
| =z
. ‘ | R
e Bottom On|y: No Underfill Bottom Only ~ Top bondedto  Full Module
Bottom
— Transferred failures to top package Underfill Condition
— Failure time comparable to non-reinforced
e Top Only:

— Transferred failures to bottom package
— Failure time comparable to non-reinforced 13
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XPO Underfilled Reliability: Thermal Cycle

e All Underfilled
Conditions are much
less reliable than non-
underfilled

e Choice of Underfill will
impact the T-C reliability

—Modulus, CTE, T,
etc.

Characteristic ATC Life (N63)

1200

1000 ~

800 A

600 -

400 ~

200 ~

-40 to 125 °C 60-min Dwells

Non-Underfilled

Bottom Only

Underfill A

Top Bonded to

Bottom

Underfill C

Full Module

(SAC305)

Underfill A

Full Module

(SAC105)

Underfill A

14

Full Module

Underfill B




APEX i -
a9 Reliability: 14mm Package

e In-Line Stacking Assembly Process

e Evaluate Flux/Paste dipping for top level soldering

e Evaluate Underfill and Corner/Edge bonding robustness.

e Drop test for reliability assessment: 1500-G, 0.5ms (JEDEC)

e Test Vehicle based on Product design, but modified for
reliability test.

— Includes 2 component locations: Inner/Outer

“ 150 mm ’|
105 mm
93

mm

71
mm
15
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EXPO

IPc

Location Effect

e Previous Testing showed a location effect
— Inner components fail at bottom package
— Outer components fail at Top Package

e Board acceleration shows greatest response at center

Acceleration (G)

5000 r
4000 f
3000 f
2000 f

1000 |

-1000 f
-2000 f
-3000 f
-4000 f

B000

0

—— Center
—— Inner Component

= Quter Component

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (milli-seconds)
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APEX _
—=XPO Location Effect

e Board Strain at different locations
gives an indication of the type of

loading

— Center of board is dominated by bending
along the length

— Component corner (2) has almost equal y
contributions from X, y, and xy

— Closer to support is dominated by bending X
along diagonal, or twisting.

am——  Straininx  — am——  Straininy —— m——  Straininxy ——

00

1000 4 000

hfzm_Strain

tlicro_Strain

-1000 4 -1000

— — Lozi e L]
000 .- - Lot 2000 1 .o Lo
—— L3 —— Lo

2000

-3000

-2000

] 0.00F 0.004 .00 0.008 0. 1] nooz 0 oo 0.006 0.002 0.01
Time (seconds) Time (zecords)




APEX _
a=r?%  Drop Testing Results

e Tested each board until all sites failed, or 300 drops

¢ 294 out of 301 modules failed at the bottom package
first.
— 7 instances when top package failed first
— 6 of these were in the outer component location.

— Consistent with previous testing, and location effects.
e Top package becomes weak link closer to board supports
e Bottom Package is weak link near center of board

18



APEX _
a=r?%  Drop Testing Results

e Characteristic Lifetime for different flux/paste dipping

e Greater lifetime seen with paste dipping top component
— Paste dipping provides for greater solder joint height
— Overall less stiff module

200

| —&— Outer Components

175 7 —a— Inner Components
150 |

125 |

~
&)1
!

Characteristic Drop Lifetime (N63)

(&)
o
!

nN
()]
!

o

Flux 30% Flux 50% Paste 30% Paste 50%



APEX
2P0 Failure Modes/Locatlons

e Dye testing indicates that
corners are most likely to fail

e Pad Cratering occurs at the
corner joints (non-functional
pads)

e Inner joints may crater or | e
fail at IMC 0 ﬂ/‘\/. ?\/ V\

| K/\'

W s R
SO w«o, L)
" 5 ity “l ), - - :

i \ ’]‘\ ‘(“ .\1’/.? /;?) \“ 0] ;

.

 ee e
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AEEXOW _
FEXP Failure Modes
e Pad Cratering is dominant ' . °

in the corners
— Non-function mechanical
pads
e Electrical failures occur in
31 joint
— Either cratering or IMC
cracking
e Via failures by either
barrel cracking or IMC
Failure

21



APEX i
= Underfilled Components

e Full Module underfill
e Corner Bond: 35% length

e Top packages were all
SAC105, and soldered with
either

— Flux, 50% Dip
— Paste, 50% Dip

e Only 1 Failure in 48 tested

modules, 300 recorded drops

e Corner Bonding provides
adequate reinforcement
compared to full underfill




APEX
—£XPO ATC Results

e -40 to 125 °C, 60-min
dwell time.

e PCB surface finish
— ENIG
— CuOSP

e Top package always
faiféd first!
— Didn’t matter what
the PCB finish was
e Bottom Package
lasted longer on Cu
than on ENIG

" 0o g ® H H o Q a ©

H g 0

oe

99
. N1/
90
S0
70
o0
50
40
20

20 ‘Top Package, Cu PCB

‘Top Package, ENIG|PCB

Bottom Package, Cu PCB
Bottom Package, ENIG PCB |

10
5 Eta Beta r”2 n/s
1811.2 3.984 0.902 14/11
687.9382 6.992 0.626 14/0
Z 1116.516 6.944 0.719 15/4
661.9308 6.961 0.666 15/0
1
100 1000 10000

Cycles to Fail
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AEESo
GE Summary
e Prestacking is a straightforward process using current

assembly equipment
— Requires easily fabricated pallet

e In line stacking is also straightforward, but requires
placement equipment that can place 1 package on top of
another

e Component warpage is still an important factor in assembly
yield and reliability.

— Warpage at solder solidification is critical: Head in Pillow failures

24



AEESo
<3 Summary
e Drop and vibration reliability is dependent on component location on the
PCB

— Bottom package is most vulnerable at the center of the board, high bending

— Top package fails first when located closer to board supports
e Twisting Mode?
— Dangerous to generalize reliability based on one test

e Paste dipping the top package generally results in better reliability
— Reduction in module stiffness due to greater top package standoff?

e Full module underfill greatly enhances lifetime
e Selective underfilling transitions failure location
e Corner bonding appears to provide great reliability in drop test.

e Thermal Cycling on the test packages showed that top fails first
— Doesn’t depend on PCB finish
— Bottom package lasts longer on CuOSP than ENIG

25
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=eXPO

IPc

Thanks,
Questions?

26
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