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Chapter 1: Introduction

Printed circuit boards are typically made of capplated glass epoxy laminates.
Some of this copper is exposed to allow for mountih components. Because copper
oxidizes quickly when exposed to the environmergudace finish is needed to protect
the copper from oxidation. The surface finish gsuwhe exposed metallization so that it
is not exposed to oxygen in the environment. Tiwase finish must be smooth and
have good thermo-mechanical properties to allowstddering of components. During
soldering, temperatures can exceed°@00@esulting in diffusion of the finish material
into the solder and altering the mechanical, plasiand electrical properties of the
solder interconnect. Because finishes can be ritadedifferent materials, each surface

finish has its own advantages and disadvantageslidition to its ideal use condition(s).

1.1: Common Surface Finishes

Listed below are four common surface finishes se today. A description of
each finish, along with some of its advantages @gisddvantages is provided. The four
finishes discussed are Organic Solderability Pvedee (OSP), Immersion Tin (ImSn),

Immersion Silver (ImAg), and Electroless Nickel Imrsion Gold (ENIG).

1.1.1: Organic Solderability Preservative (OSP)

Organic Solderability Preservative (OSP) is thly oion-metallic finish discussed
in this thesis. It is simply an organic coatingepeopper, protecting it from oxidation.
Because it is a non-metallic coating, the costppfiying OSP is the lowest of all of the
surface finishes. During soldering, the finish giymelts and allows for metallic

bonding between the bulk solder material and cqpfmming Cu-Sn intermetallic

1



compounds (IMCs) at the copper/solder interface [0 common Cu-Sn intermetallics
are CySrs and CySn.

Because OSP is a non-metallic surface finishyes@nts problems that are not
often seen with metallic finishes. Firstly, theiéh cannot withstand multiple solder and
wave reflows, which are often used to ensure faonabf strong IMCs in solder
interconnects [1]. OSP also has a short shelf fethe order of 3-6 months [2]. In
addition, the finish does not allow for wire bongliapplications or contact applications

such as connectors. As such, OSP is not a viabiace finish for many applications.

1.1.2: Immersion Tin (ImSn)

Immersion Tin (ImSn) makes use of the immersiatipy process to plate a thin
layer of tin directly onto copper. The immersiotatmpg process is described in
Appendix A. Because ImSn is a slick finish withfarm thickness, it is ideal for pin and
press-fit connector applications. Unfortunatelg thickness requirement stated in IPC-
4554 [3] is 1um, which is rather thick for an immersion platingpgess. Furthermore,
the low melting temperature of tin (282 does not make it an ideal surface finish for
soldering, as soldering temperatures can easilgegk¢hat temperature, rendering the

finish useless.

1.1.3: Immersion Silver (ImAg)

Unlike ImSn, Immersion Silver (ImAQ) is a very tthiayer of silver plated onto
copper using the immersion plating process. Silllas a much higher melting
temperature than tin (982), making it ideal for soldering applications. rihg
soldering, the silver dissolves into the bulk tonficAgsSn IMCs within the bulk and Cu-

Sn IMCs at the interface. Unlike OSP, the hightmgltemperature allows ImAg to
2



withstand multiple reflow profiles, making it anea surface finish for PCBs. In
addition, because an immersion plating processesl to plate only 0.1-042m of silver,
the processing cost is relatively low, making Im&\gery viable surface finish, especially

when considering RoHS regulations banning lead.

1.1.4: Electroless Nickel Immersion Gold (ENIG)

Unlike the previous finishes, Electroless Nickalnersion Gold (ENIG) consists
of two materials plated onto the copper. The Hitkger should have a thickness of 3-6
pm while the gold layer thickness should be betw@®3% and 0.10 um. Because the
nickel layer is at least 3 um thick, it will notlffjudissolve into the bulk solder. Rather,
the bond is formed between the solder and the hmieering the pad, creating Ni-Sn
IMCs. If the solder alloy contains an additionamipper, as in SnAgCu (SAC) alloys, a
ternary Cu-Ni-Sn IMC can form. Copper from thenterals of the package can also
migrate through the bulk solder to form these tgriisiCs.

Of all of these finishes, ENIG is the most velsain that it is both gold and
aluminum wire bondable and solder very readily wietthe exposed gold. In addition,
there is virtually no corrosion risk and the finisdn easily be inspected for damage. The
drawback for ENIG is the potential for “black-padthich is a nickel-oxide that forms
during the immersion gold plating step. The blaekl forms under the nickel,
potentially causing the finish to lift off from thgad, greatly reducing solder interconnect

reliability [1] [4].



1.2 ENEPIG Surface Finist

A solution to the “blac-pad” problem was to apply an electroless deposibic
paladium to prevent the nickel from oxidizing durirtpe immersion gold platin
process. This layer of Pd created Electroless élli€{ectroless Palladium Immersi
Gold (ENEPIG) surface finishENEPIG was originally introduced in the r-1990s, but
adopton of the surface finish was slow due to conceegarding the reaction betwe
Pd and lead in eutectic -lead solder [4]. The institution of RoHS, which banned
from electronics, brought ENEPIG back into consatien as a potential surface fini
A schematic of ENEPIG, along with the required khiesses of each of the lay as per

IPC-4556 is shown in Figure (1

IG (>0.03 pm) (IPC-4556)
EP (0.05-0.30 um) (IPC-4556)
EN (3-6 pm) (IPC-4556)

FR4 PCB

Figure 1 —Schematic of ENEPIG finish with required thicknesae per IP(-455€

1.2.1:Intermetallic Formation on ENEPIG

Similar to its predecessor, ENIG,-Sn IMCs form on ENEPIG when -based
solders are applied to the finish [5]. The exawhposition and appearance of the IV
depend on many factors including the thicknesshefdurface finish nterials and the

solder reflow profile chosen. Figure2) and (3) show crossections of typical solde
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interconnects formed on ENEPIG and the IMCs thaater the bond between the solder

and the ENEPIG-finished pad.

-

. (Cu,Ni)¢Sn,
<
Mr’\ f{e“/“ -l"é'-:fh

NISP Ni(P)

Figure 3 - IMCs formed during 300 s of solderingmBENEPIG with SAC305 [5]

The solder interconnects shown in Figures (2) @yavere formed using a solder
reflow profile where the temperature was held at pleak temperature for 300 seconds
(220°C for SnPb, 24%C for SAC305). In both images, the Au and Pd anmmletely
dissolved; they were dissolved within 5 secondseathing peak temperature. For SnPb
in Figure (2), the NSry IMCs are not uniformly distributed across the pd&hther, the
crystals are dispersed randomly across, allowirghthlk to be bonded with the pad.
This is not the case for SAC305, shown in Figune Bue to the presence of Cu in the
solder alloy, the IMC is (Cu,Njbrs and these crystals remain attached to the pad,

covering the surface.



1.2.2: Solder Ball Strength of ENEPIG

Two very common solder interconnect tests are dlland ball shear, in which
solder balls are pulled or pushed off of their padite force required to remove the ball
is recorded, along with the fracture site. A fumetin the bulk solder material is
indicative of a stronger solder joint, as the bagdnterface (the IMC) is still intact.

Milad et. al. [6-8] conducted solder ball pullteesn solder interconnects formed
on both ENIG and ENEPIG surface finishes. The ENN&h had thicknesses of 5 um
Ni and 0.05 um Au, while the ENEPIG finish had Kmesses of 5 um Ni, 0.06 um Pd,
and 0.03 um Au. Eutectic SnPb and SAC305 sold#s baere mounted onto PCBs
containing these finishes, and then the balls weiked at a rate of 170 um/sec. What
they discovered was that between ENIG and ENERI&Getwas no significant difference
in the force required to pull the solder ball offtlbe test coupon used. SnPb solder balls
required approximately 2900 g's of force to be @dlbff of both finishes, while SAC305
solder balls came off after approximately 2700 af'$orce. The effect of surface finish
was only seen when the failure site was investejabellk solder failures occurred in
SnPb solder balls on ENIG and SAC305 solder ball€NEPIG, while IMC fractures
were in SnPb solder balls of ENEPIG and SAC305esolhlls on ENIG. What this
means is that even though 7.4% more force is reduo pull a SnPb solder ball off of an
ENEPIG or ENIG finished pad than a SAC305 soldél;, bae stronger IMC is found in
the ENEPIG/SAC305 solder interconnect.

Johal et. al. [9] found similar results in his Ibahear tests. ENEPIG was
compared with ENIG and OSP, and SAC356 was uséeadof SAC305 for this study.

Eutectic SnPb was also used. Ni thickness waatseiim and Au thickness was 0.05



um, but three different Pd thicknesses were usdd:(02, and 0.3m. The effect of the
varying thicknesses will be discussed in sectidh1].but it was found that the shear
forces required to remove the SAC356 solder balbaimed on ENEPIG was 6-25%
higher than those on both ENIG and OSP. In additibe location of the failure was
distinctly different across the finishes. All ENEPand OSP failures were within the
bulk solder material, indicating a strong bond lestw the solder and the finish. Failures
in ENIG, however, were all within the IMC, indicatj a weak bond between the solder
and the finish. Considering the shear force tlufaiand the location of the failures, the
best-performing surface finish was ENEPIG, as tred required for failure was highest

amongst all of the finishes, and all of its failsingere within the bulk solder material.

1.3: Motivation and Problem Statement

The studies discussed in the previous section stidwat robust, strong solder
interconnects can be formed on the ENEPIG surfacghf One fact to note is that Milad
and Johal, in their work, did not use the samerldicknesses for ENEPIG. Most
notably, the thickness of the Pd layer had the masation; Johal in fact used three
different thicknesses of Pd. While Peng [5] showet the Au and Pd layers dissolved
within 5 seconds of soldering at the peak tempegaddi the reflow profile, varying the
thicknesses of either of these layers could pabyntthange the size and morphology of
the IMC that creates the bond between the soldgtlanfinish. Altering the IMC in this
manner could have a significant effect on the dVezhability of the solder interconnect.

These changes in size and morphology also ocauratly over time. Many
researchers (and even manufacturers) subject sheiples to an extended isothermal

aging in a temperature-controlled oven to accedettds process. Similar to changing the



thickness of the Pd, isothermal aging could alseeha significant effect on solder

interconnect reliability.

1.3.1: Effect of Palladium Layer Thickness

The IPC standard for ENEPIG, IPC-4556, lists #nguired thicknesses of each of
the layers of ENEPIG. These requirements are sigawn in Figure (1). As IPC
specifies a range of thicknesses, researchersdoankicted many experiments to attempt
to find the optimal thicknesses that would provide most robust solder interconnects.

Referring back to Johal's shear tests [9], thriélerént thicknesses of Pd were
tested: 0.1, 0.2, and Oi@3n. Regardless of the thickness of the Pd layerethivas no
significant change in force required to shear thides balls off of the finish; all solder
balls required approximately 12 N of force to benowed. The effect of Pd layer
thickness could be seen in the failure site: irgreathe thickness of Pd to Qué shifted
all but one of the failures to the IMC.

Oda et. al. [10-11] used the solder ball pull testattempt to optimize the
thicknesses of the Pd and Au layers in ENEPIG. vétiedifferent thicknesses of Pd
between 0 and 0.8m, and 9 different thicknesses of Au between 01 @4um, were
evaluated. SAC305 solder balls soldered onto tB®&HePIG finished boards were pulled
at 1000um/sec, and the failure site was recorded. Thdteeshowed that if the Pd layer
thickness was kept between 0.02 and Qudq0 all failures were within the bulk solder.
Increasing the thickness shifted the failure sitehte IMC, although some samples still
did fail in the bulk. For Au, the optimal thickreeeange was between 0.05 and QuAQ

Li et. al. [12] used a more conventional relidiiliest to assess the effect of Pd

layer thickness in ENEPIG: bend test. The problath Li's study, however, is that no



actual thicknesses are specified; they are onlgsidlad as high, medium, and low
thickness. ENEPIG-finished boards with BGA paclkageldered with SAC solder were
bent in such a manner that they experienced 108@0,12000, and 300(¢ at a rate of
16000pe/sec. Boards with the thinner layers of Pd withdtop to 57% more cycles to
failure than the boards with thicker layers of PAs a baseline for comparison, boards
with an electrolytic nickel / gold finish were alsested. It was found that the Ni/Au
finish halved the life of the components comparethin Pd ENEPIG.

Wu et. al. [13] investigated the effect that vagythe thickness of Pd had on the
soldering reactions between SAC305 and ENEPIG. Nifend Au layers were fixed at 7
and 0.1 um, respectively, and Pd thickness wasredtii or 0.2 um. An ENIG finish (no
Pd) was also used. An investigation into the IMGat formed revealed that the total
IMC thickness decreased by over 50% when the Raf idyckness was increased from 1
to 2 um. This was due to the P within the Ni adddyers that had been left behind from
the electroless plating process. When the Pd lay&solved into the solder, the P
crystallized with the Ni and Sn at the interfacefdom a NpSnP IMC. With a thicker
layer of Pd, more NBnP is left behind, reducing the amount of Sn abl to form
(Cu,Ni)sSns IMC, thus reducing the thickness of these IMCse&@ tests conducted at
0.007 and 2 pm/sec also revealed that Pd thickhadsno effect on shear strength
required to cause failure in the solder intercots)elout using no Pd (ENIG) reduced
shear strength by 6%.

Yee [14] conducted pull tests on five differentfage finishes using SAC305
solder balls. The finishes chosen were the fouisliies discussed in section 1.1 and

ENEPIG with four different thicknesses of Pd: 0.051, 0.2, and 0.3 um. Ni and Au



thickness were fixed at 5 and 0.03 um, respectivalls were pulled off of each of
these finishes at a rate of 300 um/sec. All ofghdace finishes except for ImAg had
ball strength between 1800 and 1900 g. For ENERI&ge was no difference between
0.05 and 0.1 um Pd, but 0.2 um Pd reduced thegsktrém 1700 g, and a thickness of 0.3
pm Pd further reduced this strength to 1600 g,% ti2crease from the initial thickness
of 0.05 pum.

All of the research listed in this section provedt a thinner layer of Pd, less than
0.2 um, is preferred for optimal bond strength.n&lof the previous researchers except
for Li used actual reliability tests in their resg® however; all conclusions were drawn
from solder ball pull and shear tests. In thedfislolder interconnects will not be directly
pulled or sheared off of the boards or componerRather, they will be exposed to a
variety of thermal and mechanical loading condgionNone of the previous work

assesses the effect of Pd thickness on reliabitiler such loading conditions.

1.3.2: Effect of Extended Isothermal Aging

As mentioned previously, IMCs formed from soldgrireactions will change in
size and morphology naturally over time. Isothdraging can accelerate this process,
allowing researchers to understand the effect ahghng IMCs on reliability of solder
interconnects.

Fu [15-16] studied the effect of isothermal agorgsolder interconnects formed
on ENEPIG (5um Ni, 0.2um Pd, 0.1um Au) and electrolytic Ni/Au surface finishes.
SAC305 solder balls soldered to these finishes veathermally aged at 180 for 250,
500, and 1000 hours. Following the isothermal ggiteps, ball pull and shear tests were

conducted. Force required to remove the soldés als not recorded, but it was noted
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that increasing the isothermal aging duration iaseel the number of IMC failures in ball
pull on ENEPIG by 22%, Ni/Au by 14%. In shear, re@sing the aging duration
increased IMC failures in ENEPIG by 30%, 65% inAi/ Comparing ENEPIG to
Ni/Au, the choice is clear as to which surfacedimis superior, but the major conclusion
to be drawn is that IMCs in solder interconnectENEPIG are weakened by isothermal
aging.

Milad [6, 17-18] in his ball pull tests discussed section 1.2.2, conducted
isothermal ages at 18D for 0, 100, 300, 500, and 1000 hours. Withoumggthe pull
strength of SnPb solder balls on ENEPIG was apprately 2900 g, and the pull
strength of SAC305 solder balls on ENEPIG was apprately 2700 g. With isothermal
aging, SnPb strength decreased to approximatel® 33@1%), while SAC305 strength
decreased to approximately 2200 g (19%). Furthesmwithout aging, 50% of SnPb
failures were within the solder. After 300 houfsaging, only 10% of the failures were
within the solder. Increasing the aging any furtbeifted all failures to the IMC. In
SAC305, all failures were within the solder, redesd of how much isothermal aging
was conducted. Considering RoHS, this is a veommsing result for ENEPIG, since
aging did not reduce the strength of the IMC bogdhe SAC305 solder to the ENEPIG
finished pad.

Similar to the research on Pd layer thickness,enohthe previous research
investigated the effect of isothermal aging onatglity of ENEPIG solder interconnects
under thermal and mechanical loading conditionshil®Visothermal aging has clearly

been shown to decrease the overall strength oesafderconnects and the IMCs that
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bond the solder to the pad, Milad’s results for SAE failures raise the issue that there

may be more to this phenomenon.

1.3.3: Problem Statement

The previous research has shown that changinthitlness of Pd has an effect
on the strength of the solder interconnect andiW that forms. The primary solders in
this research are widely accepted as the two maogular solder alloys in the field:
eutectic SnPb and SAC305. What is unknown is fifecteof Pd thickness on the
reliability of these interconnects under thermal amechanical loading conditions.

In addition to Pd thickness, isothermal aging basn shown to decrease the
strength of these interconnects. For reliabiksts such as temperature cycling, vibration
cycling, and drop loading, isothermal aging hasmntmeggested as a pre-conditioning step

for reliability assessment.

1.4: Summary

ENEPIG is a surface finish consisting of threeelay Ni, Pd, and Au. Typically
Ni-Sn IMCs form upon soldering, but Cu in the soldBoy (or PCB or terminals of the
part to be soldered) can migrate to the interfawd farm Cu-Ni-Sn IMCs. Typically
SAC305 solder forms a stronger bond to ENEPIG thaalitional eutectic SnPb solder,
which is promising for ENEPIG considering RoHS. ryiag the thickness of the Pd
layer has been shown to alter the strength of dhdes interconnect, with thicker layers
of Pd reducing the strength by up to 25%. In adiljtisothermal aging has also been

shown to reduce the strength of these interconr®ctgp to 30%. What is unknown is
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the effect of Pd thickness and isothermal agingh@nmal and mechanical reliability of
these solder interconnects.

This paper discusses tests conducted on SnPbADACS interconnects formed
on ENEPIG surface finish. Solder balls attachirtgBcomponents to ENEPIG-finished
PCBs were subjected to temperature cycling, vibmatcycling, and drop loading
conditions. Two thicknesses of Pd were used taiifyathe effect of Pd thickness on
reliability under these conditions. Isothermalragivas also conducted to quantify its
effect on reliability under these conditions. Rbllity and failure analyses were

conducted to quantify these effects and determiceuae.
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Chapter 2: Experimental Set-Up

To understand the effect of Pd thickness and éothl aging on thermal and
mechanical reliability of solder interconnects enreliability tests were conducted. This
chapter discusses these three tests, includingPbBs, components, solders, and

procedures used. All tests used the same PCBraotish, components, and solders.

2.1: Test Boards

The PCB used was a basic multi-layered PCB, meap@”’ x 4.5” x 0.062".
Exposed Cu metallization was covered by either AEFIG or ImAg surface finish.
ImAg surface finish was used as a baseline comparie the ENEPIG finish. For
ENEPIG, two different thicknesses of Pd were usedrderstand the effect of varying
Pd thickness on solder interconnect reliability.neTprevious research indicated that
keeping the Pd layer thinner than u& provided the strongest solder interconnects.
Considering this fact, the two thicknesses of Pedusere 0.05um and 0.15um. To
better distinguish the two versions of ENEPIG, BEMEPIG finish with the 0.0pm Pd
layer will be referred to as “thin-Pd ENEPIG”, attte ENEPIG finish with the 0.15
micron Pd layer will be referred to as “thick-Pd ERIG.” Table (1) provides
information regarding the thicknesses of the ddiferlayers of the ENEPIG and ImAg
surface finishes used.

Ten components were soldered onto each board:1f@2rl/O daisy-chain chip
array ball grid arrays (CABGA), and six 2512 remist For this study, only the four
BGAs were considered. Exposed solder pads onetiheahd right edges of the board

were used to solder wires to an Agilent 34980A lda@ger which monitored the
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resistance of the BGAs.Components were soldered using either eutectic Sorf
SAC305 solders In all cases, the solder paste and solder badte the same, i.e. Snl

solder balls to SnPb kter paste and SAC305 solder balls to SAC305 sqidste. The

test board used is shown in Figi(4).

Table 1 - Surface finish details

Board Finish Ni Layer (pnm) | Pd Layer (um) | Au Layer (um | Ag Layer (pm)
Immersion Silver - - - 0.2 +0.06
Thin-Pd ENEPIG 5+0.2 0.05 + 0.004 0.3 £ 0.003 -
Thick-Pd ENEPIG 5+0.2 0.15+0.006 | 0.3 +0.003 -

999
<€ >
i I
4.5” ; =
|“ D 0 E
B o~ = "So140
| il

Figure4 - Test board and close-up of BGA components
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2.2: Reliability Tests and Parameters

The three reliability tests conducted on the PQBsassess thermal and
mechanical reliability were temperature cyclindyration cycling, and drop loading. The
following sections describe each of these testdudting their test parameters. Following
each of the tests, components were removed frometteboards, potted in an epoxy
mold, and cross-sectioned to reveal the failure.

For all three tests, resistance was monitoredgusimAgilent 34970A datalogger.
The failure criteria for each of the BGAs was a 20%rease in nominal resistance,

followed by 5 consecutive resistance readings alimge20% threshold.

2.2.1: Temperature Cycling

Temperature cycling was conducted to assess fleet eff Pd thickness and
isothermal aging on thermal reliability. Prior testing, half of the boards were
isothermally aged for 24 hours at 260 The other half were not exposed to this pre-
conditioning step and tested as-received. Thityb®ards were subjected to thermal
cycling between -5% and 128C, with 15 minute dwells at the extreme temperataired
a constant 8 /min ramp rate, resulting in a 72 minute tempegatycle [19]. The test

matrix is shown in Table (2), and a plot of the pemature profile is shown in Figure (5).

Table 2 - Test matrix for temperature cycling test

Aging Condition | As-Received | 100°C / 24 Hrs
Solder SnPb| SAC305| SnPb| SAC305
Immersion Silver| 3 3 3 3
Thin-Pd ENEPIG| 3 3 3 3
Thick-Pd ENEPIG 3 3 3 3
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Figure 5 - Temperature cycling test profile (IPCOQY

2.2.2: Vibration Cycling

One of the two tests to assess the effect of R#rtess and isothermal aging on
mechanical reliability of solder interconnects dNEPIG was vibration cycling. Forty-
eight boards were subjected to vibration cyclingll of the boards were subjected to
isothermal aging at 16G, but half were aged for 24 hours while the otralf were aged
for 500 hours.

For the test, boards were clamped in an aluminumoré and subjected to a
harmonic uni-axial vibration at an accelerationelesf 3 g. The fixture was designed
such that the components were centered in a 6"ppasted span, which vibrated at a
resonant frequency between 192 and 201 Hz. At fil@quency, a 90 g output
acceleration was seen on the board for a trandmiligsratio of 30. A schematic of the

fixture is shown in Figure (6). Strain levels wenenitored by affixing 3 strain gages to
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the underside of the board as shown in Figure The test matrix for theibration test is

shown in Table (3).

L 0" I

Clamped Ends

Direction of vibration

Figure 6 - Schematic of vibration cycling test spt-

Figure 7 -Locations of strain gages for vibration test. Ltieas A and B are under the BGAs, while locatiois
under the resistors (not monitored)
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Table 3 - Test matrix for vibration cycling and grlmading tests

Aging Condition | 100°C / 24 Hrs | 100°C / 500 Hrs
Solder SnPb| SAC305| SnPb| SAC305
Immersion Silver| 4 4 4 4
Thin-Pd ENEPIG| 4 4 4 4
Thick-Pd ENEPIG 4 4 4 4

2.2.3: Drop Loading

The other test to assess mechanical reliability drap loading. The forty-eight
boards for drop loading were subjected to the sagirg conditions as the vibration
cycling boards. Since the number of boards subgetd drop loading was the same as
the number of boards subjected to vibration cyclihg test matrix for the drop loading
test is the same as the vibration cycling testiarstiown in Table (3).

Each drop applied a 1500 g, 0.5 ms half-sine slpotse to the board, which was
clamped in an aluminum fixture to the drop towdihe unsupported span for the drop
loading was 3”. A plot showing the input accelenatpulse is shown in Figure (8) and a
schematic of the board in the drop fixture is shaakigure (9). Similar to the vibration
cycling, strain levels were monitored during thepdoading by three strain gages

affixed to the underside of the board. The exachtion of the strain gages is shown in

Figure (10).
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Figure 8 - Input shock pulse during each drop

Direction of Drop

Figure 9 - Schematic of drop loading test setup
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Figure 10 -Strain gage locations for drop loading. All stragages are mounted to the opposite side of thedbioc
the locations shown

2.3: Statistical Significance— Kruskal-Wallis

To quantify the effect of Pd thickness and isoth@raging, a statistical test
needed. For this study, the Krus-Wallis ANOVA testwas used. Krusk-Wallis
compares medians of groups of data to determitigeifgroups come from two distir
distributions. The major benefit to Krus-Wallis is that the type of distribution is r
assumed, whereas a typical -way ANOVA assumes the data fits a normal distritou

The test compares the medians of the groups of aathreturns a -value,
represenng the probability that the groups come from thens distribution. General
the threshold for the palue is 0.05, or 5%. If the-value is less than 0.05, there is |
than a 5% chance that the groups of data teste@ éam the same distributioand it

can be concluded that the groups are statisticdifferent. Kruske-Wallis was
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conducted on all of the failure data for all threBability tests to determine the effect of
Pd thickness and isothermal aging. Results wilslhewn in table format, with a green
box indicating statistical significance (p < 0.0&8hd a red box showing statistical

insignificance (p > 0.05).

2.4: Summary

Three reliability tests were used to determine d#fiect of Pd thickness in
ENEPIG and isothermal aging on solder interconmekability: temperature cycling,
vibration cycling, and drop loading. Pd thickness&0.05um and 0.15um were tested,
and isothermal aging was conducted at®@0fbr either 24 or 500 hours. Half of the
boards subjected to temperature cycling were npbsed to any isothermal aging. The
failure criteria for the BGA components across thlee tests was a 20% increase in
nominal resistance, followed by five consecutivesance measurements above the 20%
threshold. Kruskal-Wallis ANOVA test was used &tatmine if varying Pd thickness or
isothermal aging resulted in statistically sigrafit changes in solder interconnect

reliability.
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Chapter 3: Temperature Cycling Test Results

This chapter discusses the results from the terture cycling test of ENEPIC
and Immersion Silvefinished PCBs. Boards subjected to the temperatycéng test
wererun through 4400 temperature cycles. Nine of i@ BRGA components were st

surviving after these cycle

3.1: Reliability Results

All data were fitted to tw-parameter Weibull distributions to determine
accurate estimation of the reliability of each lo¢ tomponents. Considering that th
were twelve distinct surface finish / isothermalingg/ solder combinations, twel
distibutions were created. Probability plots showingche of these distribution
arranged by solder, are shown in Figures (11) &ayl (The distributions are grouped
solder because the solders each required diffesdluw profiles, introducing sevel

new factors for determining the reliability of tbemponent:

9{‘\
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Figure 11 -Weibull probability plot for SnPb soldered BGAs jsagbed to temperature cycli
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Figure 12 ~Weibull probability plot for SAC05 soldered BGAs subjected to temperature cy

The first thing to notice when examining the plimtg11) and (12) is that each
the surface finishes has its own clear distributivet does not overlap with any of t
other finishes. Because this, it was quickly concluded that the choice wfface finish
does indeed have an effect on solder interconredietbility. Therefore the Pd lay:
thickness in ENEPIG has an effect on thermal rditgb In both figures, it can also
seen that theata points for the p-conditioned and aseceived samples are overlappt
Thus, a 24 hour preenditioning has no effect on thermal reliability BGA solder
interconnects. The one exception is the-Pd ENEPIG / SAC305 samples, where it
be seerthat there were more early failures in th-received samples and more surviv
in the preeonditioned samples. Because there was n-conditioning effect, the da

was combined for easier analysis. The Weibullpkmntaining the combined data

shown in Figures (13) and (1
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Figure 13 —Combined Weibull probability plot for SnPb soldeterconnects subjected to temperature cyc

Thin Pd ENEPIG (R2=.98) — @——
90{| Thick Pd ENEPIG (R? = .98—e—
70
£ 50 J
A 30
= v
E 10 Early - }' Jﬂ ﬂI
£ Failures in ‘T
g [ T T\; \ .". I
5 Liiiin ra \ / J /""4"‘
A ! iy
/| AN [T
/ H
N L
1 10 10¢ " 1uuol - 10000

5 Cycles to Failure Survivors (8)

Figure 14 —Combined Weibull probability plot for SAC30¢der interconnects subjected to temperature cyc

For SnPb solder, the Immersion Silver finish chearlitperforms both ENEPI
finishes. Restrictinghe focus to the Pd thickness effect, the thicker B@rdaloes hav
later cycles to failure and onurvivor while all of the BGAs soldered to thin PHEPIG

failed. The difference in characteristic life [gpaoximately 10%. Due to the high slc
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of the probability lines (beta), all failures wemear-out failures, which was expected for
thermal cycling, which is a low strain-rate loadir@ndition.

The results are opposite with SAC305. ENEPIG rieperformed better than
Immersion Silver with this solder. In fact, chasacstic life of both ENEPIG finishes
with SAC305 was significantly higher than SnPb, ethis consistent with the research
discussed in the literature review. For Pd thicepehere are fewer total failures with
thin-Pd ENEPIG, including 8 surviving BGAs. Chaeacstic life of thin-Pd ENEPIG is
approximately 34% higher than thick-Pd ENEPIG. [ikesthe early failures in thin-Pd

ENEPIG, which could be attributed to the lack oéqopnditioning, the thin layer of Pd,

as noted in literature, improves the life of SAC38&der interconnects. Table (4)
summarizes the parameters for the Weibull plo&Egures (13) and (14).
Table 4 - Summary of Weibull parameters for temjpeeacycling test.
Weibull Statistic Beta Eta
Board Finish SnPb SAC305 SnPb SAC305
Immersion Silver 11.58 3.14 2734 1765
Thin Pd ENEPIG 13.88 7.44 1646 4357
Thick Pd ENEPIG 17.01 4.02 1826 3249

To determine whether these differences are s@mfienough to conclude that Pd
thickness does indeed have an effect on thermabiigly, the Kruskal Wallis ANOVA

test was used, and the results are presented lasT@d) and (6) below.

Table 5 - Kruskal-Wallis results for effect of grenditioning on thermal reliability (all values apevalues)

Solder | Immersion Silver | Thin-Pd ENEPIG | Thick-Pd ENEPIG
SnPb | 0.817 (no effect)| 0.525 (no effect)| 0.413 (no effect)
SAC305| 0.285 (no effect)| 0.166 (no effect) | 0.817 (no effect)
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Table 6 - Kruskal-Wallis results for effect of Pitkness on thermal reliability

Solder P-Value
SnPb | 1.04*10" (effect)
SAC305| 0.003 (effect)

Looking at Table (5), it is clear to see why thistributions for the pre-
conditioned and as-received samples could be cadbirAll p-values were above the
5% threshold, indicating that there was a good cbahat the data all came from the
same distribution. The same cannot be said forPithethickness; it is clear that the
distributions for the thin-Pd and thick-Pd ENEPIGighes are distinctly different. The
differences in characteristic life can now be cdesed to be true and it can be concluded
that varying the thickness of Pd in ENEPIG doesehav effect on thermal reliability of

both SnPb and SAC305 BGA solder interconnects.

3.2: Failure Analysis

The first BGA to have failed from each soldemigh / aging combination (12 in
total) was cross-sectioned to determine the exalirés that occurred during the test.
Two additional thin-Pd ENEPIG / SAC305 BGAs weress-sectioned; the two selected
were from the samples that had early failures,dmmig the total to 14 examined BGAS in
failure analysis. Figures (15) through (17) showareples of observed failures in the

cross-sectioned BGAs.
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Figure 15 -Failures in SnPb solder interconnects on -Pd (left, failed after 1396 cjes) and thic-Pd ENEPIG
(right, failed after 1705 cycles)

(right, failed after 2731 cycles)

"3 | Failed TMC — resuited
in separation

Figure 16 —Failures in SAC305 solder interconnects on t-Pd (left, failed after 1773 cycles) and t-Pd ENEPIG

Figure 17 -Failures in SnPb (left, failed after 2216 cyclegdéSAC305 (right, failed after 1004 cycles) sol
interconnects on Immersion Silver.

Examining Figures (15) and (16), it can quicklydmeen that failurein thick-Pd

ENEPIG werecomponent side fractur at the solder / IMC interface, indicating that

IMC bond was weaker than the strength of the bolkles material, as shown in t

literature. For thifrPd ENEPIG, SnPb failures were similar to t-Pd ENEPIG, bu
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SAC305 failures were on the board side through bk material. This not only
explains why thin-Pd ENEPIG / SAC305 had the highgdsaracteristic life, it also
explains the high number of defects. Board siderts are uncommon in temperature
cycling, and the fact that they were seen herecaids a defect in the manufacturing
process. Though there was no statistical diffexdrmetween the pre-conditioned and as-
received samples, the pre-conditioned thin-Pd / 3¥CBGAs had 80% fewer early
failures and 75% more survivors. From this, it dam concluded that while pre-
conditioning has no effect on thermal reliability,can remove potential defects and
increase the component’s likelihood of survival.

In Immersion Silver, all failures were board sfdéures through the bulk in SnPb
and through the IMC in SAC305. This proved thaCid/in SnPb solder interconnects on
Immersion Silver were stronger than those in SAC30%ler interconnects, which
explains why SnPb solder interconnects had lonigaracteristic life than SAC305 solder

interconnects on Immersion Silver.

3.3: Summary

Comparing the characteristic life of the distribas, it was shown that changing
the Pd thickness in ENEPIG does affect thermabbdlty. With SAC305 solder, the
thinner layer improved characteristic life of BGAte@rconnects by 34%. For SnPb, the
thicker Pd layer was preferred as it resulted 9% increase in characteristic life. Table
(7) summarizes the Pd thickness effect on the ctenmatic life of ENEPIG solder
interconnects under temperature cycling.

Observed failures in ENEPIG samples were at tmepoment side of the solder

interconnect, while failures in Immersion Silvemygaes were at the board side of the
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solder interconnect. Fractures in ENEPIG / SnPleweatirely through the IMC, while
SAC305 failures went through the bulk solder aslwetplaining the later failures in
SAC305. In Immersion Silver, bulk solder failuresre observed in SnPb while
SAC305 showed IMC failures. These types of fadun®t only explain the high beta
values seen in the SnPb distributions, but alsdirerthat the IMC bond between SnPb

and Immersion Silver is stronger than SnPb and $5C3

Table 7 - Change in characteristic life of ENEPI&rples, Pd thickness effect

Solder | Effect of Thin-Pd over Thick-Pd ENEPIG
SnPb 10% Decrease
SAC305 34% Increase
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Chapter 4: Vibration Cycling Test Results

This chapter discusses the results from the vimatsts conducted on ENEP
and Immersion Silver finished PCBBoards were fixed two at a time to the vibrat
table and subjected to the vibration test condétitor a period of 24 hoursFollowing
the test, all the data were fit to t-parameter Weibull distributions.

Prior to analyzing the reliability data, the straiata was collected and averag:
A box plot showing the strain ranges seen acrdsefahe boards at each locatior

shown in Figure (18).
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Figure 18 - Strain results for vibration cyclingste

4.1: Reliability Results

Figures (19 and 20) show each of the probability distributions foethinish /
solder / isothermal aging combinations,ain grouped by solders. Unlike t
temperature cycling test, there is clearly an isottal aging effect in some of t
distributions, especially the SAC305 distributiang-igure 20). For SnPb, this effect
not fully evident by inspection, but tiIKruskal‘Wallis test indicated that both versions

ENEPIG were affected by the extended isotherma
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There was no aging effect in temperature cyclingabee of the length of tt
isothermal age. Prior to temperature cycling, dampere either test as-received or
only aged for 24 hours, while all samples that wesed for the vibration test were a¢
for either 24 or 500 hours. The 500 hour age, Wwiscalmost 20x longer than the

hour age in temperature cycling, was expectedttodnce somsort of effec.
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Figure 19 -Weibull probability plot for SnPb soldered BGAs jsabed to vibration cyclin
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Figure 20 -Weibull probability plot for SAC305 soldered BGAbjected to vibration cyclir

To allow for easier analysis of the Pd effect, addal Weibull plots were create
which grouped the distributions by both isothermal age soider, and those plots ¢

shown in Figures (21through (:4).
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Figure 21 -Weibull probability plot for SnPb soldered BGAs jeaked to vibration cycling after 24 hours of ac
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Figure 23 -Weibull probability plot for SAC305 soldered BGAbjected to vibration cycling after 24 hours ofag

34



1boo 10000 100000 1000000 1E+07 _AGS T 08

i Survivors |
Figure 24 -Weibull probability plot for SAC305 soldered BGAbjected to vibration cycling after 500 hours ofray

Figure (2) shows the results for SnPb interconnects aftend#s of aging. Al
three distributions have similar slopes to thewhability lines, indicating that all thre
finishes showed the same amount of variability e failures. For the effect of |
thickness, there is no clear difference. All of thata points overlap and the probabi
lines are relatively close to each other, esenting no clear effect of Pd thickr.
When SnPb interconnects welaged for 500 hourgnd then subjected to vibrati
cycling, as seen in Figure 2), the thicker layer of Pd doubled the life of the
interconnects. In addition, two of the th-Pd ENEPIG samples did not fail, while all
the thinPd samples failed during the vibration cycling.

For SAC305 samples shown in Figure3) and (24, the Pd effect is opposite
that it can easily be seen after 24 hours of adignot after 50hours of aging. Whil:
the probability lines are relatively close in Figu(z3) after 24 hoursthe thin-Pd
ENEPIG / SAC305 samples had a characteristic hfg wvas 160% higher than t

characteristic life of thic-Pd ENEPIG. The reason for this lardncrease in
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characteristic life is because of the definitioncbfracteristic life: the number of cycles
at which 63.2% of the samples should have fail€dis value appears much closer than
the 160% that is being quoted, but that is bec#userobability plots are plotted on a
log-log scale, and the point at which the charégstierlife is defined is past the major tick
mark of 1E+07 on the plot.

A summary of the Welibull parameters for each @& distributions is shown in

Table (8), and the Kruskal-Wallis results are shawhigures (9) and (10).

Table 8 - Summary of Weibull parameters for vilmattycling test.

Beta Eta
Aging 24 Hours 500 Hours 24 Hours 500 Hours

Solder SnPb| SAC305| SnPb| SAC305| SnPb| SAC305 SnPb| SAC304

'mrsniﬁlr;'o” 069| 067 | 068| 049 |24E6| 6.2E5 |4.9E6| 7.3E5

Thin-Pd
ENEPIG 0.79 0.73 1.00 0.56| 5.6H62.6E7 | 1.1E 3.3E6

Thick-Pd
Engpi | 087| 080 |132| 059 |7.3E6| 1OE7 |22E6| 3.7E6

Table 9 - Kruskal-Wallis results for effect of tsetmal aging on vibration cycling (all values aresglues)

Solder | Immersion Silver | Thin-Pd ENEPIG | Thick-Pd ENEPIG
SnPb | 0.341 (no effect)| 0.001 (effect) 0.030 (effect)
SAC305| 0.527 (no effect)| 0.006 (effect) 0.373 (no effect)

Table 10 - Kruskal-Wallis results for effect of factkness on vibration cycling (all values are pees)

Solder 24 Hours 500 Hours
SnPb | 0.782 (no effect) 0.055 (no effect
SAC305| 0.046 (effect) | 0.763 (no effect

Examining the Weibull results in Table (8), itgsickly seen that the vibration
cycling failures were all infant-mortality type faies with a decreasing failure rate. This
is owed to the variability in that unlike the temgeire cycling results, there was a wider

range of cycles in which each of the componentsdai This was expected considering
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that the load of the vibration signal occurs fasted is more consistently applied than the
load of the varying temperatures in temperaturdirnyc It can also be seen that extended
isothermal aging decreased the characteristicdffall of the ENEPIG samples, but
increased the characteristic life of all of the lersion Silver samples. The reason for
this increase could be due to the decreasing Batees. Beta decreases as a result of
more variance in the cycles to failure. Becaustht, it is possible that some samples
may fail later and indirectly increase the chanastie life of the distribution. Further
research investigating this trend is recommended.

For statistical significance, Table (9) shows teatended aging only had a
pronounced effect on thin-Pd ENEPIG samples amtki#Rd ENEPIG samples soldered
with SnPb. Kruskal-Wallis tests to see if the growf data came from the same
distribution, so while the data for thick-Pd ENEPISAC305 samples aged after 24 and
500 hours appears separated enough in the plet stakistically significant, the K-W test
indicated that there was a 37.1% chance that ttee agtane from the same distribution,
which is not low enough to conclude that the effi#aging is statistically significant.

When considering Pd thickness, only SAC305 intenects aged for 24 hours
showed an effect of Pd thickness. SnPb soldercom@ects after 500 hours also
appeared to be statistically significant in thehadaility plot, but similar to the aging
effect on thick-Pd SAC305, the p-value did not srtdge 5% threshold. Unlike the aging
effect, however, the test indicated a 5.5% chahaethe data from thin-Pd ENEPIG and
thick-Pd ENEPIG came from the same distributioresjpite being only 0.5% away from
the threshold, it cannot be concluded that Pd tiesk fully had an effect in SnPb

interconnects after 500 hours of aging.
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4.2: Failure Analysis

Unlike the temperature cycling samples, only orikifa mode was seen in tl
crosssectioned BGAs. Cracks were only seen at the comoside of the solder bi
going through the bulk solder, never quite reachimgIMC. Isothermal aging, surfa
finish, and solder did not change this failure modimages showing these failures

shown in Figures (2%and (:6).

Figure 25 -Bulk solder fracture at component side of SnPbesab@ll to Immersion Silver finish, aged 24 ho

Figure 26 -Bulk solder fracture at component side of SAC30&esdall to thir-Pd ENEPIG, aged 500 hot

4.3: Summary
Degite clear differences in characteristic life ot af the distributions, P

thickness did not affect the reliability of BGA del interconnects subjected to vibrat
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cycling in all cases. Only SAC305 interconnectedatpr 24 hours showed an effect of
Pd thickness; all other cases did not reveal afigrdnce between interconnects soldered
to thin- and thick-Pd ENEPIG. Isothermal aging waswn to only have a statistically
significant effect on thin-Pd ENEPIG and SnPb icb@nects on thick-Pd ENEPIG.
Despite this, aging decreased the characteridiéc df all interconnects soldered to
ENEPIG but increased characteristic life of intemects soldered to Immersion Silver.
Tables (11) and (12) below summarize the changeshamacteristic life of all of the

samples subjected to vibration cycling.

Table 11 - Change in characteristic life of ENERd@mnples subjected to vibration cycling, Pd thickreféect

Aging Condition 24 Hours 500 Hours
Effect of thin-Pd on SnPb | 18% Decreasqd 50% Decrease
Effect of thin-Pd on SAC305 160% Increase¢ 11% Decrease

Table 12 - Change in characteristic life of sampgabjected to vibration cycling, isothermal agirfteet

Solder | Thin-Pd ENEPIG | Thick-Pd ENEPIG | Immersion Silver
SnPb 80% Decrease 68% Decrease 125% Increase
SAC305| 87% Decrease 63% Decrease 88% Decrease
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Chapter 5: Drop Loading Test Results

This chapter discusses the drloading tests conducted on ENEPIG a
Immersion Silver finished PCBs. Following the lsetmal aging for either 24 or 5l
hours, boards were fixed to the clamp fixture desct in section 2.2.3 and droppe!
maximum of 1000 times until all of the componendded. Reliability and failures
analyses were conducted and those results andvalises are presented he

Prior to analyzing the reliability data, the straiata were grouped and averag
The box plot showing the strain ranges seen duiiegdrop oading test is shown i
Figure (27). A 233% higher strain was seen in the drop loades than the vibratio
test; this was primarily due to the higher loadelsy In the vibration test, the ing

acceleration was only 3 g's, while in the drop,tthe input acceleration was 1500

2500

Strain (pstrain)

.
1000 Q _ R

_____ A R )
I”” Location on Board

Figure 27 - Strain results for drop loading test

5.1: Reliability Results

Figures (28 and (:9) below show th@robability plots for all of the finish / sold
/ aging combinations, again grouped by so Similar to the vibration cycling result

isothermal aging reduced the characteristic lifethefBGAs
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Figure 28 -Weibull probability plot for SnPb soldered BGAs jsagbed to drop loadin
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Figure 29 -Weibull probability plot for SAC305 soldered BGAbjected to drop loadir

To analyze the effect of Pd thickness, Figu30) though (33show the Weibul

probability plots for the drop loading results goed by solder and isothermal ag

time.
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Figure 31 -Weibull probability plot for SnPb soldered BGAs jeaked to drop loading test after 500 hours of @
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Figure 33 -Weibull probability plot for SAC305 soldered BGAbjected to drop loading test after 500 hours dhg

A similar trend from the vibration cycling test cha seen in the drop loadingt
in that it is difficult to see any discernible efteof surface finish or Pd thickness
SnPb interconnects after 24 hours and SAC305 mesects after 500 hours. For Sr

interconnects subjected to drop loading after 2drdrof aging shown in Fure (30), the
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effect is non-existent. All of the distributionacatheir confidence bounds overlap and
cross each other at different points. Becausaisf it is concluded that changing the Pd
thickness in ENEPIG has no effect on reliabilitySfPb interconnects subjected to drop
loading after 24 hours of isothermal aging.

After 500 hours, however, Pd thickness does haveffect. The characteristic
life of SnPb interconnects soldered to thin-Pd ENER almost double the characteristic
life of SnPb interconnects soldered to thick-Pd PINE The slopes of the probability
lines for both thin- and thick-Pd ENEPIG are alguikar, indicating that changing the
thickness of Pd only alters the characteristic hiet the variability of the results.

In SAC305, the results are again opposite, sinbddhe vibration cycling results.
Pd thickness was only seen to have an effect aftdrours of aging, and it is clear that
the thicker layer of Pd is now preferred over thimrer layer. The primary reason for
this is the type of loading condition that dropdoay is. Unlike temperature cycling and
vibration cycling, which were low strain-rate aggliions, drop loading is a high strain-
rate load that delivers maximum load for a veryrslamount of time; in this case only
0.5 ms. High-strain rate applications tend to geltailure in the IMC more frequently
than the bulk solder. While thin-Pd ENEPIG / SA630as shown to have stronger
IMCs in literature, those results came from lovastirate applications such as ball pull
and shear, not drop loading. As a result, the doaging results indicate that thin-Pd
ENEPIG / SAC305 decreased characteristic life .75

Tables (13) through (15) show a summary of allhef Weibull parameters from
the drop loading test and the results of the Kragkallis ANOVA test on each of the

distributions.
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Table 13 - Summary of Weibull parameters for daguling test

Beta Eta
Aging 24 Hours 500 Hours 24 Hours 500 Hours
Solder SnPb| SAC305| SnPb| SAC305| SnPb| SAC305| SnPb| SAC305
Immersion | 4 59| 190 |120| 105 | 137 | 107 | 82 | 53
Silver
Thin-Pd )
ENEPIG 1.25 2.14 3.01 1.69 104 59 43 38
Thick-Pd
ENEPIG 1.69 1.09 2.19 1.65 94 234 25 56

Table 14 - Kruskal-Walllis results for effect oftleermal aging on drop loading (all values are pued)

Solder | Immersion Silver | Thin-Pd ENEPIG | Thick-Pd ENEPIG
SnPb | 0.075 (no effect)| 0.050 (effect) 2.83*10° (effect)
SAC305| 0.007 (effect) 0.022 (effect) 0.003 (effect)

Table 15 - Kruskal-Wallis results for effect of thétkness on drop loading (all values are p-values)

Solder 24 Hours 500 Hours
SnPb | 0.895 (no effect] 0.001 (effect)
SAC305| 0.003 (effect) | 0.086 (no effect

From Table (13), it can be seen that failures waoee random in drop loading
than they were in temperature cycling and vibratigaling. This was again due to the
high-strain rate application of drop loading. Besa all of the Beta values are higher
than 1, there was an increasing failure rate, whiets expected. Isothermal aging
decreased characteristic life in all distributionspne more so than thick-Pd ENEPIG.
The effect of this decrease was not significaritimersion Silver / SnPb, but in all other
cases the Kruskal-Wallis test showed that isothkagiag did indeed have a statistically
significant effect on the characteristic life.

The effect of Pd thickness was only seen to beifsignt in SnPb interconnects
aged for 500 hours and SAC305 interconnects age@4dours. It was impossible to
see any effect of Pd thickness in SnPb intercosraged for 24 hours and the Kruskal-

Wallis test showed it with an 89.5% chance that da¢a from thin- and thick-Pd
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ENEPIG came from the same disution. In SAC305 interconnects aged for 500 hc

this percentage reduced to 8.6%, which is stilivabbe required 5% threshol

5.2: Failure Analysis

Images showing representative failures from the BGAbjected to drop loadit
are shown in Figures 43 through (39. The BGAs chosen for failure analysis were
first BGAs to fail within each finish / solder /athermal aging group, similar to t

selection criteria for temperature cycling. A taitb12 BGAs were cro-sectioned.

| Nickel

| S0 pm - Trace Failure

Figure 34 -Failures in SnPb solder interconnects aged24 hours soldered to thin-Reft, failed after 22 drops) ar
thick-Pd ENEPIG (right, failed after 90 drops)

Trace Cracking \
and Solder 9| Nickel
el |

' : Cracking \

'
Trace Failure H

Figure 35 -Failures in SAC305 solder irrconnects aged for 24 hours soldered to thin¢leé, failed after 62 drops
and thick-Pd ENEPIG (right, failed after 34 drops)
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Figure 36 -Failures in SnPb solder interconnects aged for BOQrs soldered to th-Pd (left, faied after 29 drops)
and thick-Pd ENEPIG (right, failed after 11 drops)

Figure 37 -Failures in SAC305 solder interconnects aged fd¥ BOurs soldered to th-Pd ENEPIG (left, failed afte
33 drops) and thic-Pd ENEPIG (right, failed after 25 drops)

Figure 38 -Failures in SnPb solder interconnects solderednmkrsion Silver aged for 24 hours (left, faileceaft04
drops) and 500 hours (right, failed after 283 drpps
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Figure 39 -Failures in SAC305 solder interconnects solderelirtmersion Silver aged for 24 hours (left, faildtea
159 drops) and 500 hours (right, failed after 108k’

All failures were either IMC fractures or tracel@mes, which was expected frc
thedrop loading test. IMC fracture was seen in athgkes as the dominant failure moc
Trace failure occurred primarily in SAC305 samplékhis was because SAC305 ha
higher Young’s Modulus and Hardness than SnPb solde a result, the SAC305 sol
could not absorb the stress of the shock pulsevihatapplied to the solder interconn
during the drop. Because of this, the stress vemsterred to the copper trace undern:
the solder interconnect, resulting in failure. 8ese SnPb is a moelastic material tha
SAC305, it absorbed the stress of the impact antepied the copper trace, althot
there were instances of trace failure in SnPb ¢cotemects as seen in Figurs).

An interesting note about the trace failures ig thay all «ccurred at the edge
the solder ball, where the ball began to wet ugundolder masked defined pad.
reason for this is because this location is comsiléo be a corner and stress fr
mechanical loading conditions is typically concatéd at crners. Because of the
higher stress concentrations, all of the fractbiexgan at corner locatiol

Pad cratering, shown in Figure (39), is not acyualfailure, but it is a p-cursor
to trace failure. This is because the crack tlasghrough the resin under the cog

pad causes the pad to lift off from the board,odtrcing additional stress the trace.
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The added stress from this crater accelerates theegs of the trace failure. Pad

cratering was not seen in all of the trace failubeg it was seen in many of them.

5.3: Summary

The reliability data indicated that isothermal mggihad a significant effect on
mechanical reliability of BGAs subjected to dropdiing. The characteristic life of all of
the solder interconnects decreased after the exteisdthermal aging step. Varying the
Pd thickness in ENEPIG was shown to only have decefon SAC305 solder
interconnects aged for 24 hours and SnPb interatsiregged for 500 hours. In those
cases, the thicker layer of Pd was preferred fo€3# and the thinner layer of Pd was
preferred for SnPb. This was due to the higheatirstrate application of drop loading
causing more failures in the IMC. While it had beshown in literature that IMCs on
thin-Pd ENEPIG / SAC305 were stronger than thosthwk-Pd ENEPIG / SAC305, the
random nature of failures from the high-strain rapplication led to later failures in
thick-Pd ENEPIG. A similar flow of logic can be@d for thin-Pd ENEPIG / SnPb.
Tables (16) and (17) below summarize the effectBadthickness and isothermal aging

on mechanical reliability of solder interconneaibjected to drop loading conditions.

Table 16 - Change in characteristic life of ENERd@mples subjected to drop loading, Pd thicknesseff

Aging Condition 24 Hours 500 Hours
Effect of thin-Pd on SnPb | 11% Increase 72% Increase
Effect of thin-Pd on SAC3058 75% Decrease 37% Decreass

1%

Table 17 - Change in characteristic life of sampabjected to drop loading, isothermal aging effect

Solder | Thin-Pd ENEPIG | Thick-Pd ENEPIG | Immersion Silver
SnPb 59% Decrease 73% Decrease 40% Decrease
SAC305| 38% Decrease 76% Decrease 50% Decredse
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Chapter 6: Conclusions and Future Work

From this work, it is concluded that the thickne$$d in ENEPIG has an effect
on both thermal and mechanical reliability of soldderconnects formed on the surface
finish. Literature reviewed prior to the work ihig study concluded that a thinner Pd
layer, less than 0.gm, offered the strongest solder interconnects, faitures in SAC
solders entirely within the bulk material when sdbgd to solder ball pull and shear.
The work in this study showed that keeping the &aid smaller than 0.0pm greatly
improved the thermal reliability of SAC solder irdennects on ENEPIG. For
mechanical reliability, the thinner layer improvedwe characteristic life of SAC solder
interconnects subjected to vibration cycling, whigla low strain-rate application similar
to temperature cycling, but the thinner layer daseel characteristic life of SAC solder
interconnects subjected to drop loading, which légh strain-rate application. Opposite
results were seen with SnPb in that the thickezr@y Pd increased the characteristic life
of solder interconnects subjected to temperaturdingy and vibration cycling, but
decreased the characteristic life of solder inteneets subjected to drop loading.

This study also showed that extended isothermabdwad a significant effect on
the mechanical reliability of SAC and SnPb solagerconnects formed on ENEPIG and
Immersion Silver surface finishes. Extended agih0GC for 500 hours decreased the
characteristic life of all solder interconnects jegbed to vibration cycling and drop
loading except for solder interconnects formed ommeérsion Silver subjected to

vibration cycling.
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6.1: Contributions

From this work came several contributions to ttiect of Pd thickness, the effect
of extended isothermal aging, and pre-conditioniag temperature cycling. These

specific contributions are listed below.

6.1.1: Effect of Pd Thickness

This research showed that varying the thicknesthefPd layer in the ENEPIG
surface finish had an effect on the thermal andhaeical reliability of SAC305 and
SnPb solder interconnects formed on the ENEPIGasarfinish. The optimal thickness
depends on not only the solder being used, buexipected loading conditions on the
PCB. If using a SAC305 solder and subjecting o &train rate applications, such as
temperature and vibration cycling, the Pd layerusthdoe no thicker than 0.1 microns.
For high strain rate applications such as dropifagdt was shown that Pd layers thicker
than 0.1 microns increased the characteristiofifdnose solder interconnects.

The opposite results were seen with SnPb soléer.low strain rate applications,
a Pd layer thicker than 0.1 microns increased cieniatic life, while high strain rate
applications increased the characteristic life older interconnects on ENEPIG with

layers of Pd that were thinner than 0.1 microns.

6.1.2: Pre-Conditioning for Temperature Cycling

The effect of pre-conditioning on thermal cyclingliability was investigated.
From the results, a 24-hour exposure to £@hvironment did not significantly change
the life of the solder interconnects, regardlessabfier or surface finish used. As such,

this research does not recommend a pre-conditictemgprior to reliability testing.
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6.1.3: Extended Isothermal Aging

Extended isothermal aging was shown to have ativegeffect on mechanical
reliability of solder interconnects on both ENERdGd Immersion Silver surface finishes.
The one exception was SnPb solder interconnectémonersion Silver subjected to
vibration cycling. Brief investigations on the INCformed in these solder interconnects
were carried out, and those results are shown ipeAgix B. IMC’s did increase in
thickness with a 500 hour age, but the amount oWtr seen did not correlate with the

drop in characteristic life of the solder intercents.

6.2: Recommendations for Future Work

All of the above reliability tests were conductesing multiple components on
one PCB. In order to acquire data, boards weraembved from the test when one of
the components failed. Rather, all of the comptsen the board needed to fail before
the board was removed. The failure analysis redeahultiple failure modes, but
considering that boards stayed in the test, it wgmssible to determine exactly which
failure mode caused each component to fail. Bexadighis, some of the probability
distributions appeared to be multi-modal, compirmgatthe reliability analysis. It is
recommended that in future tests, only one comptoiseon the board so that it may be
removed for analysis when it fails. This way, diead modes can be quickly identified and
components can be sorted out by failure mechansnallow for better reliability
analysis.

During temperature cycling, SAC305 solder interexts on thin-Pd ENEPIG

subjected to temperature cycling experienced daillyres. While pre-conditioning was
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shown to decrease the number of early failures (accase the number of survivors),
further investigation into why these early failutegpened is recommended.

Finally, ENEPIG was originally developed as a agpiment to ENIG. Some of
the research discussed in Chapter 1 compared ENEFIENIG, but in this study
ENEPIG was not compared to ENIG. In future testss recommended that reliability
tests be conducted which compare ENEPIG to ENIBuly determine if ENEPIG is a

viable replacement for ENIG and it's “black-paddptem.
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Appendix A — Plating Processes

Electroless Plating

To make ENEPIG, Ni is plated onto the exposed eoppetallization through an
electroless plating process. Pd is then plated tha Ni with the same electroless plating
process. Au is plated using the immersion plagiracess, which is described in the next
section.

For electroless Ni plating, Ni ions are suspendedan aqueous solution of
reducing agents, which drive the chemical readtiat plates the Ni onto the copper. A
commonly used reducing agent is sodium hypophospgiNePQH;). The PCB with
exposed copper regions is submerged into the salubeginning the plating process. Cu
reacts with the reducing agents and releases @fecinto the solution. These electrons
then immediately reduce the positively charged dtisi drawing them to the catalytic
copper surface. This plating process continues eitiher all of the reducing agents are
consumed by the reaction with Cu, or the boardermaved from the solution. This
process is repeated for Pd plating, with the exgppdienow releasing the electrons, which

reduce the positively charged Pd ions, drawing theethe exposed Ni (IPC-4556).

Immersion Plating

Au is plated onto the Pd layer using an immergtating process. Immersion
plating is similar to electroless plating in thaetPCB with exposed metallization is
submerged into the solution bath. The differenexe is the chemical reaction that takes
place. When submerged, the base metal (Pd for EB)Edissolves into the solution,

releasing the electrons which reduce the positivélgrged ions of the material to be
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plated. This material is Au for ENEPIG, Ag for Iransion Silver. The reduced ions |
then drawn to the base metallization, thus creatiegmmersion plating layel

This reaction, shown in Figure (40), is ¢«limiting becausetican only proceed ¢
long as there is exposed base metal. As a rasuttersion plating layers are very th

on the order of 0.1-0.8m or less, and sometimes cannot fudbver the base materi

Process begins Exposed atoms Process stops

dissolve into
solution

Q Gold atoms ‘Nickel atoms

Figure 40- Schematic of immersion plating process (not dréovscale)
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Appendix B —Effect of Isothermal Aging on IMCs

When the solder interconnects were isothermallydagewas expected that tl
morphology and size of the IMCs that bonded théeoto the urface finish would b
changed. To investigate the effect of this isotte@rage, additional ENEPIG finishi
PCBs with the same construction as the PCBs usedhi® reliability tests wer
constructed. Following the isothermal aging stepg BGA from ach board was crc-
sectioned and analyzed in the ESEM to see the Ik@gling the solder to the pa
Because there were two version of ENEPIG, two s$s|dend two isothermal aging time
a total of 8 BGAs were cra-sectioned for this investigation. &ges showing the IMC
from each of these BGAs are shown in Figures (Afgugh (44) belov Table (19)

summarizes the thickness of each of these I

Figure 41 -IMCs formed in SnPb solder interconnects on-Pd ENEPIG, agedbr 24 hours (left) and 500 hot
(right)
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Figure 42 -IMCs formed in SAC305 solder interconnects on-Pd ENEPIG, aged for 24 hours (left) and 500 hc
(right)

Figure 43 -IMCs formed in SnPb soldinterconnects on thicRd ENEPIG, aged for 24 hours (left) and 500 hc
(right)
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Figure 44 -IMCs formed in SAC305 solder interconnects on -Pd ENEPIG, aged for 24 hours (left) and 500 hc

(right)
Table 18 -Summary of IMC thicknesses and size increase Bf@hours of agin
Solder SnPb SAC30t
Aging Condition | 24 Hrs | 500 Hrs| Difference| 24 Hrs | 500 Hr: | Difference
Thin-Pd ENEPIG | 2.08pum | 4.03pm 94% 1.17um | 1.86um 59%
Thick-Pd ENEPIG | 4.92um | 5.75um|  17% | 0.96um | 1.69um| 76%
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