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Objectives and Products

Commercial-off-the-shelf area array packaging (CQW) technologies in high reliability
versions are now being considered for use in a eurabNational Aeronautics and Space
Administration (NASA) electronic systems. Understiaig the process and quality assurance
(QA) indicators for reliability are important foow-risk insertion of these newly available
packages. This report first summarizes the bodinofvledge (BoK) on high-input/output
(I/0O) plastic ball grid array (PBGA) and low-pitchip scale package (CSP) technologies. It
then presents assembly thermal cycle reliabilisy tesults for assemblies of PBGA packages
with 256 and 1156 1/Os with 1-mm pitch, a CSP pgekaith 192 1/Os, a small flip chip die,
two sizes of newly available microlead frame pa@s@VLFs), two thin small outline pack-
ages (TSOPs), and three resistor sizes: 0603, @4020201. Packages were assembled onto
printed wiring board (PWB) using standard tin-lesattler alloy approved for NASA applica-
tions. Finally, the report provides QA indicatorglaqualification guidelines generated based
on the test results for the high-1/O and low-pipEtkages and assemblies. The qualification
guidelines based on test results will facilitate $BAprojects to use very dense and newly
available packages reliably, allowing more proceggiower in a smaller board footprint and
lower system weight.
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1. Organization and Topics of Report

This report first provides a body of knowledge (BodUrvey for designing, manufactur-
ing, and testing high-input/output (1/0) and lowgh area array packages. It then
presents test data on design, assembly, and enviatal evaluation results for various
newly available electronics packages assembled ¢pnitted wiring boards (PWBS).
Packages included plastic ball grid arrays (PBG#ah I/0s up to 1156 and 1-mm pitch,
high-1/0O chip scale packages (CSPs), low-pitch @ilgp, microlead frame/quad flat no
lead (MLF/QFN), and small resistors to 0201 sizeaHy, it summarizes lessons learned
from test results for assembly and environmentating along with optical, scanning
electron microscopy (SEM), and x-ray photomicrogniaphowing damage progress. Top-
ic discussed in this report are as follows:

Executive summary providing key background inforiomat test results, and lessons
learned.

Summary of key parameters that affect assemblgbidity of PBGAs and flip-chip
BGA (FCBGA) with tin-lead solder based on a compredive literature search.

Literature survey and test results for a commewffaithe-shelf (COTS) PBGA 676
I/O package assembly with various ball/solder allogpresenting the current migration
of industry to lead-free. A number of test vehicdssembled and supplied by an engi-
neering manufacturing services (EMS) company werlgiested to thermal cycling
evaluation as part of a collaboration activity.

Quality assurance documentation of manufacturiracgsses, including solder paste
volumes and photomicrographs of paste depositiawsty uniformity and distribu-
tion. Representative processing data for high-lé@;pitch, QFN, and passive chip re-
sistors were presented.

Reliability test results including shock and sheest data for the test vehicle jointly de-
signed in collaboration with a university.

Quality assurance documentation of solder joinewrusy for the test vehicle built at
the Jet Propulsion Laboratory (JPL) using tin-lsatter paste and reflowed using a
vapor phase reflow machine.

Quality assurance documentation of solder joint algarprogress due to thermal cycl-
ing performed under three cycle conditions. Therayales were in the range of —55°
to +100°C, -55° to +125°C, and —120°/+85°C.

X-ray characterization of thermally cycled asses®lio determine quality assurance
indicators and to establish if x-rays can deteatatze due to thermal cycling.

Optical microscopy characterization of assembliés wisible solder joints, including
thin small outline packages (TSOPs), QFNs, andt@sat intervals was performed to
document damage progress for various thermal gyclimditions.

SEM microscopy evaluation of thermally cycled adskes at higher magnifications
with a better resolution than optical microscopysveerformed. SEM was generally
performed only prior to a test sample cross-settgn

Destructive cross-sectional photomicrographs ofrtiadly cycled area array packages,
including hidden solder joints under the packagddtermine damage progress due to
three different thermal cycle conditions and tcedsine failure locations.



2. Executive Summary

This report presents solder joint reliability tesisults for high-input/output (1/0) and

low-pitch plastic ball grid array (PBGA) packages well as other active/passive parts
assembled onto printed wiring/circuit boards (PWBE. It also includes reliability tests

performed in collaboration with a university and emgineering manufacturing services
(EMS) company. Figure 1 shows representative anesy packages evaluated, including
a high-1/0 PBGA (1156 1/0s) with 1-mm pitch andoavtpitch chip scale package (CSP)
(192 1/0s) with 0.4-mm pitch.
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Figure 1. Area array plasfic packages from high 1156 1/Oshwitmm pitch to low
192 I/Os with 0.4-mm pitch.

BGAs with 1.27-mm pitch (distance between adjad®it centers) or lower are the
only choice for packages with higher than 300 l/@umts, replacing leaded packages
such as the quad flat pack (QFP). These types cfguges are also used for lower lead
counts. In addition to size reduction, the areayapackages also provide improved elec-
trical and thermal performance, more effective niacturing (improved manufactura-
bility), and ease-of-handling compared to the caomwmal surface mount (SMT) fine-
pitch leaded parts.

CSPs (a.k.a fine-pitch BGAs, FPBGAS) are furtheniaturized versions of BGAs,
leaded, and leadless packages with pitches lessiti2¥ mm. These electronic packages
have low mass and small chip sizes, and are géynersgd for low I/0Os (<100) for mem-
ory and have the potential for use in higher (>30®s. They also provide improved
electrical and thermal performance, more effectiv@nufacturing, and ease-of-handling
compared to the conventional surface mount leadets guch as thin small outline pack-
ages (TSOPs). Quad flat no-lead (QFN) and wafeetlpackages are other packages de-
signed for better heat dissipation and size redactdHowever, compared to conventional
packages, BGAs/CSPs have some key issues (maislyednion, individual ball re-
workability, and in some cases reliability) withretimplementation of the new area array
packages for high reliability applications.



Solder joint reliability of wire-bond PBGA and othpackages were evaluated in this
investigation. It was shown that this category BGA with 256 and 1156 1/Os, fully po-
pulated balls, and 1-mm pitch have acceptable theoycle reliability when using con-
ventional tin-lead eutectic solder paste for theessembly. Thermal cycle reliability of
other package assemblies, including flip chip diksa chip scale package (UCSP) with
0.4-mm pitch, two sizes of microlead frame (MLFhdatwo sizes of small outline pack-
ages (TSOP) varied. Process difficulty in assengbénflip chip and USCP side-by-side
using a conventional stencil print approach alsoy@tl a role in poor reliability results
for fine-pitch packages. Passive chips with varisizes from 0603, 0402, and 0201
showed acceptable solder joint reliability. Howewdifficulty was encountered in assem-
bling 0201 resistors with no workmanship defects.

The key drawbacks of PBGA and fine-pitch array @ass remain the same, i.e., in-
spection capability for interconnection integritgrgcks) and individual solder ball re-
workability. In addition, most array packages aoenmercial-off-the-shelf (COTS) pack-
ages and are required to be subjected to additgtnagent screening with added cost at
the package level prior to their acceptance fohhigliability applications. The issues
with PBGA COTS packages are essentially the sametlaesr COTS issues, including
package die source and materials variations franrtoldot, availability of packages with
radiation hard die, and outgassing for materiatgl 0 on. Acceptability of ball integrity
attachment before and after burn-in and coplanasilso an issue to be considered. As-
sembly/inspection-related issues are additionaldspects of such implementation. Other
issues include challenges of manufacturing of fateh array packages and extremely
small passives.

In this report, thermal cycle reliability of teseicles (TVs) with daisy chain confi-
guration under three thermal profiles is discussedetail, including the nature and ex-
tent of damage and level by optical, x-ray, andssfeectional photomicrographs. The
report also provides a summary of test resultsgoeréd in collaboration with industry
and a university. Key findings based on a surveay t&st results are presented in the con-
clusion section. Key requirements for implementatid National Aeronautics and Space
Administration (NASA) electronics systems are dssed in the NASA application sec-
tion.



3. Background Information

3.1 Introduction

Ball grid arrays (BGAs) and chip scale packagesR§)Sare now widely used for many
electronic applications, including portable andete@mmunication products [1]. BGAs
with 1.27-mm pitch are implemented for high religiiapplications, generally demand-
ing more stringent thermal and mechanical cycliaguirements. The plastic BGAS in-
troduced in the late 1980s and implemented witlagcaution in the early 1990s, further
evolved in the mid 1990s to the CSP (also knowfirespitch BGA) having a much finer
pitch from 0.4 mm down to 0.3 mm. Because of th@seelopments, it has become even
more difficult to distinguish different area arrpgickages by size and pitch.

Extensive work has been carried out by a Natiore&lofAautics Space Administration
(NASA)-led consortium in understanding technologylementation of area array pack-
ages for high reliability applications. The worlcinded process optimization, assembly
reliability characterization, and the use of ingjp@t tools, including x-ray and optical
microscopy, for quality control and damage detectitue to environmental exposures.
Lessons learned by the Jet Propulsion Laboratd?y{)(led team and others have been
previously published [2—-11].

BGA packages with large 1.27-mm pitch have beenpdekage of choice for com-
mercial applications for many years. The BGA inpoisputs (I/0Os)/pitches have conti-
nuously increased/decreased and now high-1/0O paskagth 1-mm pitch or lower are
common. Area arrays come in many different packstgtes, including the plastic ball
grid array (PBGA) with ball composition of eutectfy3Phs7 alloy or slight variations
such as SyaPhyo. The ceramic BGA package uses a higher melting (BdohoSmn o) with
eutectic attachment to the die and board. The colgnd array (CGA) or ceramic col-
umn grid array (CCGA) is similar to a BGA excepatlit uses column interconnects in-
stead of balls. The lead-free CCGA uses a coppgead of high melting lead/tin col-
umn. The flip-chip BGA (FCBGA) is similar to the BG except that internally a flip
chip die rather than a wire-bonded die is used.

Three array configurations are popular—a) full gria staggered array, and c) peri-
pheral array. Plastic packages come in all styldgreas ceramic packages are generally
limited to a full array configuration. The plastpackages with 1-mm pitch generally
come in full array ball population in order to acomodate the size reduction demand.
Fully populated array packages present some sogmifirouting challenges if a conven-
tional PWB with plated-through-hole vias (PTHVs) used for the design. Peripheral
plastic packages have been developed to reducergoldt failures at the die edge due to
the significant coefficient-of-thermal-expansionT) mismatch as well as to improve
routing characteristics.

This report provides both a literature survey aodnprehensive process/reliability
test results for a test vehicle configuration perfed at JPL as well as a summary of var-
ious test results performed in collaboration withversity and industry partners. First, a
summary is presented of key parameters that adissembly reliability of PBGAs and
fine-pitch CSPs based on a comprehensive literadeaech, including the effect of pack-
age 1/0, die size and configuration, pitch, and ldetside effects on reliability for tin-



lead solder balls and solder attachment. It thexudes a brief discussion with some
background information on microlead frame (MLF) pess and assembly reliability pre-
sented in the literature.

In addition, numerous test vehicles (TVs) were thtal determine issues associated
with process and reliability of various high-1/Odafow-pitch PBGA packages. Process
variations for these types of packages as well &F BInd passives resistors were docu-
mented. Furthermore, results for thermal cycleatslity of TVs with daisy chain confi-
guration under three profiles are presented andudsed in detail, including optical, x-
ray, and x-sectional photomicrographs showing dan@agpgress. A summary of test re-
sults performed in collaboration with industry aadiversity is also included. Finally,
key findings based on the literature survey, ardd tesults are presented in the conclu-
sion section. Also, key requirements for implemé&otaof the new area array packaging
technologies for NASA electronics systems are dised in the NASA application sec-
tion.

3.2 Area Array Packages

Area array packages, e.g., BGAs (see Figure 2 G@As with 1.27-mm pitch (distance
between adjacent ball centers) and finer pitch igasswith 1-mm pitch, are the only
choice for packages with higher than 300 I/O courgplacing leaded packages such as
the quad flat pack (QFP). Area array packages piswide improved electrical and ther-
mal performance, more effective manufacturing, aade-of-handling compared to con-
ventional surface mount (SMT) leaded parts. Finechparea array packages (FPBGA),
a.k.a CSPs, are further miniaturized versions ofABGor smaller configurations of
leaded and leadless packages with pitches gendealfythan 1 mm.

Wire Bond

Flip Chip

63Sn/37Pb
Lead free

638Sn/37Pb
Lead free

110> 600

oo

Plastic BGA (PBGA) Flip Chip BGA (FCBGA)

Figure 2. Typical plastic ball grid array with internal witgend and flip-chip die for low
and high-1/0 package configurations, respectively.

3.21 Advantages of Area Array Packages

Area array packages offer several distinct advaedagyer fine-pitch surface mount com-
ponents having gull wing leads, including:

e High-1/O capability (100s to approximately 3000 Ibadan be built and manufactured,
but gull-wing leads are limited to less than 3@0Dsl))



e Higher packaging densities (This is achievableesitie limit imposed by package pe-
riphery for the gull wing leads is not applicabtethe case of area array packages be-
cause area rather than periphery is used; hensepdssible to mount more packages
per the same board area.)

e Faster circuitry speed than gull wing surface mozormponents (SMCs) because the
terminations are much shorter and therefore lethsciive and resistive

e Better heat dissipation because of more connectathsshorter paths

e Conventional SMT manufacturing and assembly tedgie$ such as stencil printing
and package mounting

Area array packages are also robust in proces3img.stems from their higher pitch
(typically, 0.8-1.27 mm), better lead rigidity, asélf-alignment characteristics during
reflow processing. This latter feature, self-aliggmh during reflow (attachment by heat),
is very beneficial and opens the process windowsickemably.

3.2.2 Disadvantages of Area Arrays

Area array packages, however, are not compatibth multiple solder processing me-
thods, and individual solder joints cannot be irtdpd and reworked using conventional
methods. In ultra low volume SMT assembly applicasi the ability to inspect the solder
joints visually has been a standard inspectionireqment and is a key factor for provid-
ing confidence in the solder joint reliability. Aainced inspection techniques, including x-
ray, need development to provide such confidenc&®A and FPBGAs.

The four chief drawbacks of area array packages are

Lack of direct visual inspection capability

Lack of individual solder joint re-workability

Interconnect routing between the chip and the P@iiring a multilayer PWB
Reduced resistance to thermal cycling due to usigiofballs/columns

3.3 Review of Chip Scale Package (CSP)

The trend in microelectronics has been toward @vereasing 1/0Os on packages, which

i, in turn, driving the packaging configuration miconductors. Key advantages and
disadvantages of CSPs compared to bare die agd listTable 1. Chip scale packaging can
combine the strengths of various packaging teclymedo such as the size and performance
advantage of bare die assembly and the relialfigncapsulated devices.

The advantages offered by chip scale packagesdedmaller size (reduced footprint
and thickness), lesser weight, relatively easiesembly process, lower overall production
costs, and improvement in electrical performanc@P€are also tolerant of die size changes,
since a reduced die size can still be accommodatede interposer design without changing
the CSP’s footprint.

CSPs have already made a wide appearance in comamgrdustry as a result of
these advantages, and now, even their three-diowais{3D) packages are being widely
implemented. Unlike conventional BGA technology tgpically 0.8-1.27 mm pitch,



CSPs utilize lower pitches (e.g., currently, 0.80t8 mm) and hence, will have smaller
sizes and their own challenges.

Table 1. Pros and cons of chip scale package (CSP).

Pros Cons
e Near chip size e Moisture sensitivity
e Widely used e Thermal management
e Testability for known good die * Limits package to low 1/Os
(KGD) e Electrical performance
e Ease of package handling e Routability

e Robust assembly process
* Only for area array version

e Accommodates die shrinking or
expanding

e Standards

e Infrastructure

e Rework/package as whole

* Microvia needed for high I/Os

* Pitch limited to use standard PWB;
¢ Reliability is poor in most cases
e Underfill required in most cases to im-

prove reliability

e Array package version

* Inspectibility

* Reworkability of individual balls

In an effort to systematically characterize the G8Pa package group, they may be
classified into categories or types including: i¢ fflex circuit interposer type; 2) the ri-
gid substrate interposer type; 3) the custom leathé type; and 4) the wafer-level pack-
age (WLP) type. A typical chip scale packaging msxstarts with the mounting of the
die on the interposer using epoxy, usually of noneuctive type (although conductive
epoxy is also used when the die backside needs ttmbnected to the circuit). The die is
then wire bonded to the interposer using gold amahum wires. Wire bond profiles
must be as low and as close to the die as possildeder to minimize package height.
Plastic encapsulation to protect the die and wihes follows, usually by transfer mold-
ing. After encapsulation, solder balls are attactedhe bottom side of the interposer,
then the package is marked, and finally, the pamtssingulated from the lead frame.

In summary, several different approaches are bemgloyed by different companies
to meet the packaging challenge of mounting high gnunt integrated circuits(ICs) to
substrates. Each of these approaches has its owts med drawbacks.

e Mount the IC internally, wire bond or flip-chip, on a flexible/rigid organic or ceramic
substrates and package the chip into a suitable package material. Apply small solder
bumps to the bottom of package, flip over, and mount onto suitable mounting pads on
the PWB. This is commonly referred to as ball grid arrayB&A, technology. If the
package dimensions are nearly the same as thase o€, this technology is called
chip scale packaging, or CSP. The principal adwntd BGA and CSP are their abili-
ty to protect the IC (with package) and their clesmnilarity to flip-chip.



e Attach the IC die to the bare PWB and wire bond from the die bonding pads directly to
bonding pads of the PWB. This is commonly referred to as chip-on-board (JOB
chip-and-wire direct-chip attachment (DCA).

e Permanently attach small solder bumps to the botibthme IC die, flip it over, and
then mount it onto suitable mounting pads on theBPWhis is commonly referred to
as direct flip-chip.

Figure 3 shows flip-chip die bond, chip-and-wireedt chip attachment, and chip scale
package configurations.

Flip Chip On Board

lOC?()C”ﬁ(?CUC% "] L/

Ny

Wire Bond TABR

COB CSP

Figure 3. Chip-on-board/flip-chip die attachment and chiplsgackage configurations.

3.4 MLF Packages

Figure 4 shows a number of no-lead package cordignns. TheMicroLeadFrame®
package (MLF®) evaluated in this investigation inear CSP plastic encapsulated pack-
age with a copper lead frame substrate. It is dléss package where electrical contact to
the PWB is made by soldering the lands on the botsorface of the package to the
PWB, instead of the conventionally formed perimdéads. The wide conductive bottom
pad in this package technology enhances the theamdl electrical properties of the
package.

The exposed die attach paddle on the bottom effilyieconducts heat to the PWB
and provides a stable ground through down bonds eedtrical connections through
conductive die attach material. The design alsowalenhancement of electrical perfor-
mance by enabling the standard 2 GHz operatinguéeqy to be increased up to 10 GHz
with some design modifications.
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Figure 4. Examples of no-lead packages, including MLF® paekgdhoto and cross-
sectional drawings.



4. PBGA Reliability

4.1 Background

Reliability of plastic and ceramic ball/column gradrays has been assessed as part of the
previous National Aeronautics and Space AdminigmaElectronic Parts and Packaging
(NEPP) activities. The most critical variables immarated in the various investigations have
been package types, ceramic column/ball and pjdstiard materials, FR-4 and polyimide;
surface finishes, OSP, HASL, and Ni/Au; solder vodis, low, standard, and high; and envi-
ronmental conditions.

Plastic ball grid arrays (BGAs) with a variety afess and shapes are abundantly availa-
ble, and are used widely by commercial industrydorariety of applications from benign
office environments to high-end server applicatidvigitary and avionic industries are also
using them selectively after they have reachedcaemable level of maturity. Because of
their wider applications, reliability of these pages is generally characterized by suppliers
and verified by industry. Numerous excellent pudticns and references are available
through IEEE CPMT, SMTA, IMAPS, and IPC proceedimgsl journals such as the Micro-
electronic Reliability Journal.

This section categorizes the second-level asserabpility for a number of plastic ball
grid arrays (PBGAs) based on various parameterkalifgy data from researchers as well
as suppliers will be tabulated for a number of pags from low to very high input/outputs
(I/Os). This section also presents and comparésbiktly test results from a Jet Propulsion
Laboratory (JPL)-led consortium to those from titerdture for single and double-sided as-
semblies.

4.2 Plastic Package Assembly Reliability

Table 2 lists cycles-to-failure (CTFs) for a numbéplastic packages with different con-
figurations, selected from those reported in therditure [12—-17]. Thermal cycle test re-
sults are for tin-lead balls with tin-lead soldenly even though most recent data gener-
ated by industry are for lead-free balls/solderad-dree packages/solders are yet to be
fully adopted for high reliability applications. Me@ver, in order to update the literature
survey and link behavior of the two solder allogiata for the full array PBGA 676 1/Os
are compared in reference 10 and briefly discusseter test results. The following sec-
tion presents the effect of a few key parametersadder joint reliability are presented.

Table 2 clearly shows the effect of thermal cy@age on CTFs; as delta T increases,
CTF generally decreases. Maximum and minimum teatpee and dwell time at these
temperatures contribute to failures. For exampte €T1%F (cycles-to-one percent-
failure) for PBGA 256 I/O and 1.27-mm pitch in thenge of 0° to 100°C was more than
9000 cycles (case #2); it was significantly redutedapproximately 2000 cycles when
the temperature range increased to —40°/125°C @&83p

Package size, thickness, configuration, internalattach type, and 1/0Os also play a
significant role in CTF. For example, in comparicgse #2 to case #3, a significant de-
crease in CT1%F is shown when package /O incre&sea the 256 1/0s, 1.27 mm, to
1849 1/0Os (>9000 vs. 3095 cycles in the range tf 000°C). Note that package configu-
ration is also different for the higher 1/0 packagehas flip-chip die rather than wire-
bond die attachment.

10



Die size and its relation to package size and dmiffiguration affect PBGA packages
whereas, it has a lower effect on ceramic ball gniday / ceramic column grid array
(CBGA/CCGA) CTF. This is not apparent from the apeesented in Table 2, but the
die and package sizes are listed for the purposeeatifying such correlation. The com-
parison of case #7 and #8 indicates an increa€ehwhen die size is increased. These
results, contrary to general trends, may be dubdéaonfounding effects of adding a heat
sink for case #8.

Printed wiring board (PWB) thickness/stiffness addtects PBGA CTF. Preferred
thickness was defined as 2.3 mm in IPC 9¥since it is known that, generally, pack-
ages assembled on thinner PWBs show higher CTHRsp@oson for PBGAs with 1.27
mm in the range of 0°C to 100°C is difficult sinc®st test data are generated using IPC
PWB thickness values and also since most low I/€kages survived a large number of
cycles. For example, PBGA 256 1/0 showed no fafuue9000 cycles (case #2); one reason
may be the use of thinner PWB for assembly.

Table 2. Cycles-to-failure data for tin-lead/tin-lead ba#jie illustrating the effect of a
number of key variables.

Thermal Cycle
Pkg Size Condition
Case | Package (diesize, (ramp, dwell, First Mean Life
No. | (I/O, pitch) mm) cycle/hr) Failure (Nez2%) Comments
1 PBGA-119-| 27 x277? 0°C/100°C 6260 12215 27 Pkg
1.27 (17.8 x17.8| (10 min, 5 min, | (1% failure) Ref. Mawer [12]
x 0.3) 2)
2 PBGA-256-| 27 x 27 0°C/100°C No failure to No PWB 1.6 mm Thk
1.27 (10 x 10) (20 min, 5 min, | 9000 cycles| failure to Ref. Amkor [13]
2) 9000 cycles
3 FCBGA- ?? 0°C/100°C 3095 4710
1849-1.27 (1% failure Ref. Shiah [16]
4 PBGA-256-| 17 x 17 0°C/100°C 3687 N/A Full Array
1.0 (8.80x7.9)| (10 min, 5 min, | (1% failure) PWB, 2.3 mm Thk
2) Ref. Altera [14]
5 PBGA-676-| 27 x 27 0°C/100°C 4686 6012 30/30 Fail, PWB,
1.0 (17.8 x17.8| (10 min, 5 min, PWB 2.36 mm Thk
x 0.3) 2) Ref. Xilinx [15]
6 PBGA-900-| 31x31.5 0°C/100°C 4405 5344 28/28 fail
1.0 (17 x 17 % | (20 min, 5 min, PWB 2.36 mmThk.
0.3) 2) Ref. Xilinx [15]
7 FCBGA- 33 x 33 0°C/100°C 5670 N/A PWB Thk 2.3 mm
1020-1.0 (22.6 % (2 cycles/hr) (1% failure) 6 layer build up BT
19.9) Ref. Altera [14]
8 FCBGA- 33 x 33 0°C/100°C 2770 N/A PWB Thk 2.3 mm
1020-1.0 (7.9 x (2 cycles/hr) (1% failure) 6 layer build up
16.7) BT+ Cu heat sink
Ref. Altera [14]
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Thermal Cycle
Pkg Size Condition
Case | Package (diesize, (ramp, dwell, First Mean Life
No. | (I/O, pitch) mm) cycle/hr) Failure (Ne3.206) Comments
9 PBGA-313- 35 x 35 -30°C to 100°C 3310 4000 13 Pkg,
1.27 (13 x 13) | (25 min, 15 min,| (1% failure) PWB 1.6 mm Thk
0.75) Ref. Evans/
Ghaffarian [17]
10 PBGA-256- 27 x 27 -40°C-125°C ~2000 3164 PWB 1.6 mm Thk
1.27 (10 x 10) (15 min, (1% failure) Ref. Amkor [13]
15 min, 1)
11 PBGA-676- 27 x 27 -40°C-125°C 1341 1830 27/32 Fail,
1.0 (17.8x17.8 (15 min, PWB 1.6 mm Thk
x0.3) 15 min, 1) Ref. Xilinx [15]

Double-sided, mirror image PBGA assemblies havaiSaantly lower CTF com-
pared to their single-sided version. Table 3 shawsexample of the effect of double-
sided mirror image on CTFs for a 175 1/O flip-clppckage [5, 19, 20]. Recently, Chapa-
rala, et al. [21] performed experimental and maugeknalyses to verify results presented
by Ghaffarian in his 1999 article published in Cl§ipale Magazine. Ghaffarian reported
that the mean time to failure for mirror-imaged C&f3emblies in thermal cycling is 40—
60% less than that observed for single-sided CS3Renalslies. He identified the factors
differentiating double-sided assemblies from singiled assemblies as an increase in
assembly standoff due to a second reflow passparease in assembly stiffness, and
thermal disturbance due to the package on the siderof the PWB.

Table 3. Comparison of TV-2 FPBGA thermal cycle test res@&b°/125°C) to literature
data for O to 100°C thermal cycle range.

Board
Thickness Thermal Weibull | Accelera-
(NSMD VialLocation | CycleRange | Weibull Shape tion
TV ID pad size) (diameter) (total time) | Scale(no.) (m) Ratio
175 I/O FPBGA-| 1.57 +/-0.2 On pad 0°C to 100°C
enhanced (125um) (32 min)
Single-Side (300 um) 4331 11.1 N/A
Condition 1 (400m) 3525 9.1
Condition 2
175 I/O FPBGA-
standard
Double-Side (300 um) 1616 17.6 N/A
Condition 1 (400m) 1163 10.5
Condition 2
TV-2 175 1/0 1.27 On pad -55°C to
FPBGA (300 um) (100 um) 125°C
9 data points (68 min) 1126 6 3.8
8 data points 1134 11.9
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5. Experimental Approaches

5.1 Package and Assembly Variables

The purpose of this aspect of the investigation twasharacterize the reliability of high
input/output (I/0O) and low pitch of various packagssemblies using tin-lead solder
paste. Figure 5 shows photos of representativegggskused in this investigation. A de-
sign of experiments (DOE) technique was used t@rcoarious aspects of processing and
packaging assembly reliability.

|III|I|I1I III'||II}|I|
5 6 7 8

T
4

||||||n|||||||11
2 3

Figure 5. Photograph of PBGA, CSP, QFN, and TSOP packagésdied in the test vehicle
for evaluation.

The following packages and parameters were evaduasepart of a larger DOE im-
plementation:

e Two plastic ball grid arrays (PBGAs) were assembiatth tin-lead solder balls both
with 1-mm pitch and fully populated balls; one w6 and the other with 1156 1/Os.
Numerous daisy chains were designed on board t@lament daisy chains on a pack-
age in order to generate complete chains for s@darfailure monitoring.

e Two fine-pitch packages were included in the evizdina A CSP package known as ul-
tra chip scale packages (UCSP) had 192 1/0Os witin@m pitch and 7-mmbody size.
Also, flip chip die with 0.45-mm and 0.25%ody size were directly assembled on
board. No solder paste was used for either UCShkperhip die attachment.

e PBGASs, UCSP, and flip-chip packages were not uiitberf

e Microlead frame (MLF) packages had 36 and 72 botkeds with 0.5-mm pitch and
body size of 0.6 and 1 nfnrespectively. Tin-lead solder paste was used botperi-
pheral pads and central ground pads.

e A this small outline package (TSOP) package witb-sied leads on the width had 40
and 48 pins with 0.5-mm pitch and body size of 1034, and 12 x 18.4 mm, respec-
tively.
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e Passive resistors with sizes of 0603, 0402, and 02fre assembled on board using
tin-lead solder paste.

e Boards were made from high Tg FR-4 materials wil62-inch thickness. They had
an IAg (immersion silver) surface finish in orderdlso accommodate lead-free PBGA

package assembly.

e A standard 6-mil-thick stencil was used for tindesolder paste print. Solder volume
was measured at four corners and center for seassamblies to document actual
paste print volume and solder paste release effigie

e Packages were assembled in a vapor phase reflolwimeaat a Jet Propulsion Labora-
tory (JPL) facility. Conventional reflow ovens warglized by collaborators.

The assemblies were subjected to three thermaé qydfiles. Both the process and
reliability results for various package assembliesJuding PBGAs and CSPs, are dis-

cussed below.

5.2 Test Vehicles

Figure 6 shows a test vehicle assembly fully pof@adavith high-1/0 and low-pitch area
array packages as well as TSOPs, quad flat no(l@&tls), and passives including 0201.
High Tg FR-4 boards with 0.093 inch thickness wased for the tin-lead assemblies. All
packages had internal daisy chains where pairad$ pvere connected by additional wire
bonds. Compliment specific pairs of PWB pads wegsighed so that their connections
within package daisy chain pairs completed a speddisy chain pattern for solder joint
failure monitoring. One or more daisy chains focle@ackage were used for monitoring
during thermal cycling and at intervals. Additionzdds were added at each side of the
package for manual probing and narrowing failuresations. Passive resistor compo-
nents were also daisy chained by connecting theanrow and using the two ends of the

chain for probing.
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Figure 6. PWB design showing PBGA packages, CSPs, and ottoiages and resistors.
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5.3 Solder Paste Volume

An RMA paste, Type Il (-325+500) mesh, was used pgaste deposition on the
PWB pad’s patterns using a paste print machine widndard parameters, including
paste print speed. After deposition, each past& mras visually inspected for gross de-
fects such as bridging or insufficient paste. Fb5@ and 256 1/O PBGAs, on rare occa-
sion, print quality was improved by adding a snathount of paste when insufficient
paste was detected and by removing a small amduswlder paste between the pads to
leave it open when bridging was discovered. For B@&ckages, the paste print volumes
were inconsistent; therefore, only flux was usderad few unsuccessful trial test vehicle
builds with paste. The paste print quality for théremely small 0201 resistors was also
inconsistent; only a limited number were correctearder to achieve daisy chain con-
nectivity for daisy chain monitoring in subsequémrmal cycling.

Solder paste areas and heights were measured aisasgr profilometer with a three-
dimensional (3D) measurement capability. Measuresarere made at numerous loca-
tions—including corner and peripheral center pads-g&ther solder volume data and
their corresponding distributions.

An example of photomicrographs of PBGA 1156 padsrapaste deposition with
solder paste and solder paste characteristics aeasp including heights and areas, is
shown in Figure 7. Figure 8 shows color-coded hedjhtribution of solder paste print
for this set of pads and another test vehicle.milar distribution was achieved for solder
deposition of PBGA 256 1/0Os with 1-mm pitch. Ovéralo major manufacturing issues
were encountered with the paste depositions for RB@ith 1-mm pitch.

Figure 7. Solder paste print quality and estimated volume$®GA 1156 1/Os using a laser
profilometer.
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Figure 8. Examples of plots of color-coded solder heightrdistion for PBGA 1156 1/Os.

Figure 9 shows an example of photomicrographs ddesopaste print and color-
coded height for UCSP 192 I/O with fine pitch. Naiation shown for solder paste print
qguality is unacceptable. Use of solder paste ftg package was abandoned after a few
trial paste depositions and only solder flux wasdufor assembly. Representative plots
of solder paste distribution and color-coded hedgfdr other packages/passives are
shown in Figure 11. Quality of paste print was gatlg acceptable for leaded and lead-
less packages. The stencil design for MLF 72 |/@s worrected to achieve higher solder
volume after first paste prints. The pad design smsller than those generally required
and the stencil was designed based on PWB padsswitih characteristics.
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Figure 9. Examples of plots of solder paste print quality atlimes for UCSP 192 1/Os
using a laser profilometer.
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Figure 10. Examples of plots of solder paste print qualitytirested solder volumes, and
color coded height for leaded and leadless packagjaeg a laser profilometer.

5.4 Attachment Procedures

To assemble various packages, including plastia areay packages, paste deposition was
carried out using a stencil with 6-mil thicknessd aappropriate aperture opening size to
achieve estimated levels of solder paste volumaskd®je placement was accomplished, in-
cluding PBGAs, using an automatic placement mactsiodder paste reflow was performed
using a vapor phase reflow machine. Reflow profilese based on a previous profile that
was tailored using a sample run with the attachedmocouple generating the reflow ther-
mal profile. Vapor phase consists of an infraregheating followed by a constant tempera-
ture boiling vapor zone. Infrared preheating terapge time and time in vapor phase are the
only key parameters that can be modified to achimiter solder attachment quality.

5.5 Thermal Cycle Test Profiles

Three different thermal cycles were used with ti®wing thermal profiles:
1. Cycle A: Ranged from -55° to 100°C with a 2° to B heating/cooling rate.
Dwells at extreme temperatures were 15 minutes.

2. Cycle B: Ranged from -55° to 125°C with a 2° to BA@ heating/cooling rate.
Dwells at extreme temperatures were at least 1Qut@snwith duration of 159 mi-
nutes for each cycle.
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3. Cycle C: Ranged from —120° to 85°C with approxinha&”C/min heating/cooling
rate and 10-minute dwells.

The criteria for an open solder joint specifiedRC-9701A were used as guidelines to
interpret electrical interruptions. Generally, ortbe first interruption was observed, many
additional interruptions within 10% of the cycléelialso occurred. This was especially true
for the ceramic packages. Opens were manuallyiedréfter removal from the chamber at
the earliest convenient time.

5.6 X-ray

Real time x-ray systems are categorized as 2D &n#-Bay systems. The 2D system
is a standard x-ray inspection system with a mmecas source and a stationary image
intensifier as the detector, capable of produciffged pseudo 3D features. The 2D sys-
tem utilized has stationary microfocus source isitgm but the detector had off-axis rota-
tional capability. The transmission x-ray captus®rything between the x-ray source
and image intensifier since x-rays are emitted frilv@ source and travel through the
sample. The higher the density of the sample (sgder balls in PBGAS), the fewer x-
rays will pass through and be captured by the imatgnsifier. The detected x-rays are
displayed in a grayscale image, with the lower dgnsuch as voids) areas appearing
brighter than the higher density areas. The voleagk current of the x-ray’s intensity can
be adjusted to reveal features of most sectiotkeosample.

The 2D x-ray systems are very effective in tessmple-sided assemblies. With the
use of a sample manipulator, an oblique view amgleances inspection of both single
and double-sided assemblies with some loss of Miagtion due to increase in distance
between source and detector. Experience is needeliscerning between bottom-side
board elements and actual solder and componenttdef€his can be very difficult or
even impossible on extremely dense assembliesnyncase, only certain solder-related
defects such as voids, misalignments, and soldettslare easily identified by transmis-
sion systems. However, even an experienced opecatomiss other anomalies such as
insufficient solder, apparent open connections, @ild solder joints.

The x-ray system with a rotational detector allosidique generation of x-ray im-
ages with a higher magnification and a better isitgrresolution since the focal spot re-
mains the same and there is, therefore, no lossagiification. An isocentric manipula-
tor keeps the field of view unchanged when theculdi view mode is used. This feature
allows better characterization of some defect feetuincluding wettability and void lo-
cation in area array packages.
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6. Test Results

6.1 Inspection after TV build

For high reliability electronic applications, viduaspection is traditionally performed by
guality assurance (QA) personnel at various levélhe packaging and assembly, known
as mandatory inspection points (MIPs). Solder piate inspected and accepted or re-
jected based on specific sets of criteria. Furdssurance is gained by subsequent short-
time environmental exposure, by thermal cyclindyration, and mechanical shock, and
so forth. These screening tests also allow detedfeanomalies due to workmanship de-
fects or design flaws at the system level. For spagplications, generally 100% visual
inspection is performed for the hybrid package pating (precap) and after assembly
prior to shipment.

Visual inspection is of limited use for plastic batid arrays (PBGA) packages since
it is difficult to inspect peripheral balls and imgsible to inspect hidden balls under the
package. X-ray evaluation is needed for area gueapkages. Visual inspection was per-
formed for thin small outline packages (TSOPs),rolgad frames (MLFs), and passive
resistors. Every daisy chain’s resistance was miedsand documented. Figure 11 de-
picts representative photomicrographs showing tuali solder joints and workmanship
defects for packages with visible solder jointseTI201 resistor showed the most work-
manship defects, including missing resistors anmubtcstone. The 0402 showed tomb
stone also, but no tomb stone was detected fo0808 assemblies. MLF 36 showed ac-
ceptable solder joint quality with bulbous soldeinfs because of high solder volume de-
position due to the pad design. This was not tlse ¢dar the MLF 72 input/outputs (1/0Os)
since the pads had relatively small sizes comptoede package dimension and castella-
tion. Copper exposures were apparent for many M2F/ @ packages near the top of the
package pad. Solder joints were generally acceptiablthe TSOPs with the exception of
the lead toe’s face showing no solder wetting.

For PBGAs with 1156 I/Os and 1-mm pitch, the acitdseripheral balls were in-
spected with no apparent evidence of opens. Figd@rdocuments representative photo-
micrographs taken after assembly. Quality of solg@nts were acceptable, which was
also verified by daisy chain continuity. All PBGAsemblies showed acceptable daisy
chain continuity resistances; therefore, it is assd that they had acceptable quality with
no solder joint opens. To reduce cost, qualityasified after thermal cycling by cross-
sectioning.
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Figure 11. Representative photomicrographs of solder jointgpéckages with visible solder
joints, showing solder joint quality and defectscluding tomb stone and exposed
pads/leads.

Figure 12. Representative solder joints for PBGA 1156 and 1266 with 1-mm pitch.
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Figure 13 shows optical photomicrographs for UCSP and flip-chip die assembly.
It is extremely difficult, if not impossible, to termine the integrity of solder joint quali-
ty. Only process control and possibly 3D x-ray nieyable to shed light on the integrity
of the joints. Assemblies showed daisy chain cautynin most cases. As stated, use of
solder paste for UCSP causes shorts among theeadjpads.
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Figure 13. Representative photomicrographs of UCSP and flip-clie solder joint as-
semblies.

6.2 Optical Microscopy during Cycling

Three representative boards from three cycle canditwere selected for a more detailed
characterization, including x-ray, optical micropgp SEM, and cross-sectioning. Optical
microscopy evaluation rarely reveals PBGA and duale package (CSP) failures during
thermal cycling. Failure of TSOPs and resistorsyéwer, can be verified by optical mi-
croscopy. Detection of MLF failure is more challemgy Figure 14 shows photomicro-
graphs of representative TSOP 40 I/Os where faihaeurred during thermal cycling (-
55°to 125°C). Failure of the corner lead on ome sif the package and heavy stresses on
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the lead heels are apparent. A similar crack mamat the heel was observed for the
guad flat package having similar configuration, lifferent sizes. Figure 14 also in-
cludes two resistors with workmanship defects—dewddck resistors with a hidden tiny
0201 resistor under an 0603 resistor showing sojrsolder joint stress, but no signs of
microcracking.

Sl

= 0603 0n 0201 |

JR0O8 TSOPs Failure

Figure 14. Photomicrographs showing failure of TSOPs at thmeoleads (bottom pho-
tos) after thermal cycling and only signs of stréssa hidden 0201 resistor under an
0603 resistor (top photo).

Representative optical microphotographs after tlaéroycling for package assem-
blies with visible solder joints were documenteds@mblies were subjected to Cycle A,
B, and C conditions with relatively the same tireadth, but various numbers of thermal
cycles. Figure 15 shows 0201, 0402, and 0603 msa$semblies subject to Cycle A
(-55° to 100°C) and Cycle B (-55° to 125°C) coms. The 0201 and 0402 solder
joints showed some minor signs of stress markschvhiere more prominent for Cycle B
conditions. For 0603, minor damage under Cycle A amre appreciable damage with
microcracks were apparent under Cycle B. In botbesa parts remain intact with no
signs of metallization degradation. In either casere were no daisy chain continuity
failures.
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0603 -55/125C

Figure 15. Photomicrographs of 0603, 0402, and 0201 resisifies being subjected to
Cycle A (-55° to 100°C) and Cycle B (-55° to 125%0hditions.

Figure 16 shows solder and part damage due to yoee© (—120° to 85°C) condi-
tion, which is an extreme cold environment not esgntative of conventional environ-
mental conditions. It is, however, a realistic @awiment for space electronics applica-
tions. For this condition, in addition to soldernsgge and microcracks, in some cases,
even resistor metallization showed signs of damagle partial or full peeling. Peeling
was the worst for 0402 with some for 0603 and nion®201 resistors. Further investiga-
tion is required to determine root cause of thiifa; however, the weak resistor metal-
lization and bonding exposure to cold temperatuag mmave played a key role since this
was not observed for milder cold temperature expmslhus, cold temperature excursion
with cycling appears to have exacerbated the damage
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Figure 16. Photomicrographs of 0603, 0402, and 0201 resisifies being subjected to
Cycle C (-120° to 85°C) condition and a failuresbtared resistor.

Figure 17 shows photomicrographs of solder joims MLF 36 and 72 1/Os, sub-
jected to Cycles A, B, and C conditions. No daiswio failures were apparent for this
level of cycles. Some microstructural changes, h@anewere apparent for the 72 1/0
packages, whereas solder joints for the 36 I/OrabBes were relatively shiny with min-
imum solder joint degradation. Contrary to previaastellated leadless packages, it is
difficult to determine crack initiation and propagen for this style of package assembly.

MLF72-55/100C ':' MLF72-55/125C L MLF72-120/85C

MLF 36 an-d 72 1/0s subjectd:;m:les A(—55° to
100°C), B (-55° to 125°C), and C (-120° to 85°Cpditions.
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Figure 18 compares solder joint damage of seveadd, including corner leads for
the TSOP 40 and 48 1/0Os under Cycle A, B, and Glté@ms. Figure 19 provides photo-
micrographs of corner leads showing solder joiaicking and failures. The 40 I/O TSOP
assemblies showed some signs of microcracks iresgddnts at the lead heel under the
Cycle A condition, whereas the solder failed at lteel under Cycles B and C conditions.
Solder joints at the corner leads with the higlststss conditions are generally first to
fail as apparent from Figure 19. TSOP 48 1/Os galheshowed less signs of damage and
cracking in comparison to its 40 1/0O package versag evident from photomicrographs
in the two figures. Damage is expected to be mexere for the TSOP 48 1/Os, which is
a larger package than the 40 I/O package, if paelage was the dominant factor in
solder joint damage introduction. X-rays, on thaesthand, shed some light on the fur-
ther nature of such results.

. 3| TSOP40-55/100C i TSOP40 -55/125C “§ TECP40 -120/85C

Figure 18. Photomicrographs of a number of TSOP 40 and 48slsathjected to Cycles
A (-55°to 100°C), B (-55° to 125°C), and C (—12085°C) conditions.
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Figure 19. Photomicrographs of corner leads ”of TSOP 40 and/@3 subjected to
Cycles A (-55° to 100°C), B (-55° to 125°C), an@-120° to 85°C) conditions.

6.3 X-ray Characterization

X-ray inspection was performed on a cycled testialehto determine various pack-
age/assembly conditions. The 2D microfocus x-ransmission system with rotational
detector was utilized for this inspection. Evenufgb optical microscopy was used to
document exposed solder joints, x-ray is requiceddtermine other package and solder
joint characteristics such as void levels. Therefaro attempt was made to determine
damage condition of solder joint quality for asséied) including 0201, 0402, and 0603
resistors; MLF32 and MLF72 packages; and TSOPsnd048 I/Os. However, quality of
voids, package configuration, and die were idesifi

Figure 20 shows the condition of MLF package asdeslas revealed by x-ray.
MLF solder joints showed some voids which are mimier than voids in the center
conductor pads. Void levels for TSOPs are much towete, different die configurations
and sizes for the TSOP 40 and 48 1/0Os. The dieushmrarger for the TSOP 40 leads.
The passive resistors show no signs of voids pbssibcause of their tiny sizes, which
makes detection difficult.
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Figure 20. y photomicrographs of MLF 6 and 72 1/0s.

TSOP 48

Figure 21. 2D X-ray photomicrographs of MLF TSOP 40 and 48s/&nd 0603, 0402,
and 0201 resistors.
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Figure 22 shows x-ray photomicrographs for UCSP 8#Hipdchip die attachment.
UCSP 192 I/O initially showed numerous shorts itrial build (solder paste rather than
flux was used to assemble test vehicles [TVs]. Norts were apparent for the flip-chip
die assembly.

Flip Chip

Figure 22. X-ray photomicrographs of UCSP and flip-chip dieaahments.

PBGAs with 1156 and 256 1/0s showed minimum volul#, no shorts or other ano-
malies were apparent (see Figure 23). Real timayxfrspection of all solder balls during
evaluation revealed no signs of anomaly or dam&gmerally, it is difficult to detect
solder joint microcracks/damage by x-ray as presipdiscussed.
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Figure 23. X-ray inspection of PBGA 1156 1/Os.

Even though x-ray revealed no significant damaigelearly identified other parameters
of packages that can help better analyze obsenikaef data. For example, it clearly shows
that internal structures of the two TSOPs are difig which may provide the reason for ob-
serving earlier failures of TSOP 40 compared to P3@ I/Os under various thermal cycling
conditions.

6.4 SEM Microscopy Characterization

Solder joints for the TSOPs and other packages wdible solder joints were inspected

by optical microscopy at intervals during thermgtling to determine their state and

progress of damage. The optical microscopy photwgi@phs for these assemblies were
documented and presented in the previous sectiorperform scanning electron micro-

scopy (SEM) evaluation, representative PBGA 11&sIvere cut from the TV, close to

the package edge, in order to be able to mounherSEM mounting fixture and rotate

the sample for full characterization at higher mégations. Figure 24 shows representa-
tive SEM photomicrographs for PBGA 1156 1/Os prior cross-sectioning at various

magnifications. Microcracks within the balls anddimicrocracks at the package inter-
faces are apparent. Contrary to ceramic column gmdys (CCGAS), the outer rows do
not represent the most severe stress conditiomefdre, these SEM photomicrographs
may not be representative of internal damage esfhedor ball interconnections at the

package die periphery.

6.5 X-sectional Verification

Figure 25 shows representative SEM photomicrograghtie PBGA 1156 1/Os sample
after (see Figure 24 for prior to) x-sectioninggbaally through the center of the pack-
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age in order to reveal the microstructure of inéérimterconnections. It specifically
shows balls under the die that were expected tdb@xinore severe stress conditions due
to a larger thermal cycling coefficient-of-thermatpansion (CTE) mismatch. Except for
very fine microcracks at the package interfacessenere degradation was observed, ei-
ther under the die or throughout the x-section. dvliseparation apparent at the die at-
tachment may be either due to die bond separati@uge effects due to mounting of the
sample and subsequent polishing.

Figure 24. Representative SEM photomicrographs of a PBGA Iddsembly after thermal
cycling and prior to cross-sectioning.

Figure 25. Cross-sectional SEM photomicrographs of PBGA 1188 lassembly after ther-
mal cycling.
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6.6 Summary of Test Results by RIT University

A paper [11] was jointly published with the Roclezdinstitute of Technology (RIT) Center
for Electronics Manufacturing and Assembly (CEMAJ)esenting aspects of process optimi-
zation and reliability evaluation. A large numbéf¥/s using the same TV design and pack-
ages presented in this document were used to @gtithe process not only for tin-lead, but
also for a lead-free solder alloy. The investigat#dso included both forward and backward
compatibility. In addition, assembly behaviors ungethermal aging and mechanical shock
were also characterized.

A full factorial design was used in the investigati with three factors—solder paste,
component finish, and PWB surface finish. EuteStcPb paste (63-37% wt) and SAC305
(Sn3.0%Ag0.5%Cu) solder pastes were used as Phinog and Pb-free levels respective-
ly. For component finish metallization, Sn-Pb teration finish/bump composition was used
for the Pb-containing level while Sn terminationSAO05 bump composition represents the
Pb-free level. Immersion silver (IAg) and electssenickel immersion gold (ENIG) surface
finish on PWB was used for testing and analysis.

The solder joints were subjected to isothermal @gmtiowed by mechanical shock test,
attempting to establish a relationship betweenritermetallic growth at the solder/PWB in-
terface and the mechanical integrity of the sojdeit. The compounding of the tests, unlike
singular test methods, provides a more realistimase of the reliability and life of the joints
in the field. The assemblies were cross-sectioffied the tests and the microstructure of the
solder joints were analyzed to study the internietgtowth upon isothermal aging.

This research provided insight into the proceseligment and manufacturing of mixed
circuit-card assembly. Various stages in the dgorakent of the final product were studied. A
general clear inference cannot be drawn from tkeresults under the specific test condi-
tions as to which assembly combination is supenigrerformance, possibly because various
package types and processes had compounding efldesollowing are a few trends ob-
served:

o Leaded/leadless device assemblies performed libdarthat of area array device as-
semblies under repeated shocks before and aftéersoal aging.

e Area array assemblies with solder paste showed rhigiter mechanical shock resis-
tance than those assembled with no solder paste.

e Assemblies that used IAg surface finish on PWB stthwlower deterioration due to
isothermal aging than the ENIG assembilies.

6.7 Summary of Test Results for PBGA 676 1/0s

A paper [10 was jointly published with Celesticag¢.lthat provided a literature survey on
fully populated PBGA 676 1/0Os with 1.27-mm pitchilbwvith tin-lead and lead-free solder
alloys. The effects of various parameters, inclgdiype of solder alloys, reflow maximum
temperature, dwell time, and monitoring techniguee, discussed in detail. Results of Jet
Propulsion Laboratory (JPL) data performed undezeldifferent thermal cycles, including
one cool down to —120°C, are also presented. @=ddsic.’s most recent data generated for
the same package/assembly (RIA3 TV) using a predeitermal cycle profile recommended
by IPC 9701 are also presented.
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The literature thermal cycle reliability test rasuthow that for the mild thermal cycle
condition (0° to 100°C), the test results from $tlen, Xilinx, and Celestica Inc. are the
same. For harsh thermal cycle conditions (-55°26°C), test results indicate that tin-lead
solder may perform better than lead-free basedibmoand Celestica Inc. data, even though
daisy chain monitoring techniques for failures weiféerent. Celestica showed that electrical
failures were earlier than when Dye and Pry failkclaracterization was performed. The sta-
tus of thermal cycle test results performed at dBihg RIA3 test vehicles passed 200 ther-
mal Cycles A (-55° to 100°C), B (-55° to 125°C)ddh (—120° to 85°C) conditions.
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7. Conclusions

The conclusions, based on the results of thermelinty under three conditions using li-
mited plastic ball grid array (PBGA) 1156 input/put (I/O) and other package assem-
blies, are as follows:

The two-dimensional (2D) x-ray system used in thigstigation did not reveal any

solder damage for area array package assembliete dioermal cycling. Visual inspec-

tion provided good indication of solder damageléaded thin small outline packages
(TSOPs) and resistors, but it was more difficultdeiect micracraking for the micro-

lead frame (MLF) solder joints. Visual inspectiohoater row balls of high-1/0 array

package with 1-mm pitch was somewhat possible vésefer fine pitches it was al-

most impossible.

Resistors with 0603, 0402, and 0201 sizes showedussolder joint degradations
when subjected to Cycle A (-55° to 100°C), Cyclé-B5° to 125°C), and Cycle C
(-120° to 85°C) conditions for about the same di/&irae duration, but different num-
ber of thermal cycles. Solder joint degradatiomeased from Cycles A to B and C.

The key degradation difference between Cycle B@ycde C was that the 0402 resis-
tor package showed package metallization peehasbime cases. Further investigation
is required to understand the root cause of subhwber.

MLF 36 and 72 I/O showed no solder joint failures the number of cycles under the
three thermal cycle conditions. They showed, howevarious levels of voids espe-
cially for under package conductor solder attachhmen

The TSOP with 40 leads generally showed higherssa@nsolder joint damage com-
pared to TSOP 48, possibly due to differenceseansiie and package configuration as
determined by x-ray.

The TSOP with 40 leads showed some signs of miaosrat the corner leads under
Cycle A condition, whereas complete cracks andifailvere observed for the Cycle B
and C conditions. Failures were generally at th@eoleads initiated from the heel fil-

let similar to quad flat package assemblies.

None of the PBGA 1156 1/0Os and 256 I/Os with 1-mimlpshowed daisy chain fail-
ures to 500 thermal cycles under the three cyatelidions.

The 2D x-ray system used in this investigation niad reveal the level of solder dam-
age due to thermal cycling.

Prior to x-sectioning, scanning electron microsc{fiM) evaluation of the outer rows
of PBGA 1156 I/O assembly revealed signs of fineragracks in solder joints. Note
that solder joints at the outer rows are exposel#ds severe stress conditions com-
pared to the joints at the die periphery in a PB&38embly.

After x-sectioning along package diagonal, SEM eaabn of PBGA 1156 1/O re-
vealed signs of fine microcracks for the ball internections under the die. Damage for
this thermally cycled PBGA was minimum.

A summary of test data generated in collaboratigh wniversity and industry partners
along with references to joint publications on thesbjects were also presented.

33



8. NASA Application

This report covered qualification and verificatisteps and tools for high-input/output (1/0)
and low-pitch plastic ball grid array (PBGA) packagas well as other active/passive parts
assembled onto printed wiring boards (PWBs). Roodesign, it is recommended to review
numerous industry standards on this subject inofudiPC 7095 and IPC 97xx (including
9701A) covering qualification approaches for thdrarad mechanical characterizations. It is
also recommended to review National Aeronautics$pace Administration (NASA) speci-
fications, including NASA-STD-8739.3 (Soldered Ehgal Connections) and NASA-STD-
8739.2 (Workmanship Standards for Surface Mountielogy) and note applicable areas
for quality, process controls, and solder. Applleatuideline documents for devices, as well
as BGAs and CSPs published under the NASA ElearBarts and Packaging (NEPP) Pro-
gram {ttp://nepp.nasa.gyyvshould also be reviewed. Recommendations for AlA#ssion
implementation are as follows:
e Ensure that all constraints on the use of plasiitkpges, including BGAs and CSPs
are well understood.
v' Use hermetic seal packages such CQFPs and CC@dssfble.
v" No pure tin finish is allowed. Use of lead-freeogll shall be approved for appli-
cations.
v' Use hot air solder leveling (HASL) surface finighr PWB and avoid immersion
gold on Ni or other exotic finishes.

e Define the overall NASA mission environmental regments, including radiation,
mechanical, thermal, life cycle, mechanical shadlisation, etc.

e Define appropriate potential package technology tgpés, including ceramic pack-
ages, low and high PBGA, low-pitch CSP, flip chgaded package, and MLF. Re-
view build up, materials, solder geometry and a|olgeat distribution, etc. using
package supplier data and application notes.

e Determine if package properties are within the &pe of mission environmental re-
guirements in order to avoid early overstress fagu Examples include radiation ca-
pability of die, temperature limits of package mts including softening tempera-
ture (glass transition temperature, Tg), and jomctemperature. Determine if special
handling, bake out, assembly process, and tooleegrered.

e For life thermal cycle qualification, determineelitycle requirements for mission.
For the purpose of further narrowing package selectonsider the following four
categories of NASA missions.

v' A: Benign thermal cycle exposure with short missilomation (e.g., Space Shuttle
Missions)

v' B: Benign thermal cycles with long mission durat{émternational Space Station,
Hubble Space Telescope, Mars Reconnaissance OiR®D], Gralil, etc.)

v' C: Extreme thermal cycles with short mission daratiMars Exploration Rover
[MER], etc.)
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v' D: Extreme temperature cycle exposure with longsiaisduration (Next Genera-
tion Space Telescope [NGST], Mars Science LaboyddEL ], etc.)

If details on life cycle requirements are not aadalié, then use the following rules-of-
thumb to estimate the number of accelerated therywdés for NASA missions.

v' For A and B missions, thermal life cycle requiretseare estimated to vary from
100 to 500 accelerated cycles in the range of —36°1D0°C (NASA cycle).

v" For C and D missions, estimate the flight allowatlelaperature ranges and mul-
tiply mission cycles by 3. If mission cycle duratis short, add an additional 20
NASA cycles to include the cycle consumption foogrd testing.

Review heritage and package supplier's data fokg@ge and second-level solder
joint reliability. Use the following generic guideés for meeting the requirements.

v" No flight heritage exists for high-1/0 PBGA and lepitch CSP packages even
though contract manufacturers may have alreadyamphted use of lower
I/O PBGAs in their electronic systems. Generalhede categories of packages
have been shown to have adequate thermal cyclstaase.

High-1/0O PBGAs with internal wire bond attachmenteet most non-extreme
NASA environmental requirements (A and B conditipridse of PBGA requires
additional part/die qualification and verificatiéor application.

v" Flip-chip die PBGA packages were not evaluatedhis investigation and
shall be evaluated since they are commonly useelv@n higher I/O PBGAs
and may not have adequate reliability.

Use of CSP and flip-chip die direct attachment $thdoe restricted and, only after
careful review of vendor data and acceptability,go@lified for specific applica-
tions.

Passives with 0603 and 0402 sizes can be assemblad conventional paste
print deposition and reflow machines. Additionalsfga deposition evaluation is
required for the extremely small 0201 passive.

Passives construction shall be evaluated to erstat®lity during reflow and also
under extreme environmental exposure.

MLF 36 and 72 1/0 showed no significant issues mgirassembly. They showed
however, various levels of voids especially for endackage conductor solder at-
tachment. Inspection for quality is difficult esjpabty for smaller versions.

TSOP assemblies showed low cycles-to-failure (Cdatp especially for packages
with larger internal die. TSOP may have sufficisoider joint reliability under
conditions A and B, but should be verified for use€onditions C and D.

Use a daisy chain package as the test articlectelerated thermal cycle tests as spe-
cified in IPC 9701A. Daisy chain packages are gahebuilt using similar materials
and layup as the functional package with the exoepif using a dummy die with
even/odd pad connections. Die size affects soldet jreliability and, therefore,
should be the same size or larger than the fligjetpackage.
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e Design double-sided assembly if it mimics flightnéiguration. However, note that
double-sided, mirror-image assemblies show majducton in solder joint reliabili-

ty.

e Optimize reflow thermal profile, especially for aixed technology assembly. Re-
member that process optimization and process daartedkey parameters that control
solder attachment integrity for area array packages optical/visual inspection, as
commonly used for most other electronic packagadAfSA. Refer to NASA stan-
dards for use of flux, solder paste quality test] eleanliness requirements.

o Perform real time x-ray and optical inspectionpdafssible. Use of an x-ray machine
with laminography capability is recommended.

v' The 2D x-ray system used in this investigation wld reveal the level of sold-
er damage due to thermal cycling.

e Prior to x-sectioning, SEM evaluation of the outews of package assembly
should be performed to reveal damage not detecyedpbical microscopy. X-
section should be performed to reveal internal dparend crack formation.

In summary, it was shown that wire-bonded PBGA vzl and 1156 I/Os, fully po-
pulated balls, and 1-mm pitch have acceptable theoycle reliability when using con-
ventional tin-lead eutectic solder paste for thessembly. Thermal cycle reliability of
other package assemblies, including flip chip diksa chip scale package (UCSP) with
0.4-mm pitch, two sizes of micro-lead frame (MLBnd two sizes of thin small outline
packages (TSOP) varied. Passive chips with vargmss from 0603, 0402, and 0201
showed acceptable solder joint reliability. Difflguwas encountered in assembling 0201
resistors with no workmanship defects, however.

The key drawbacks of PBGA and fine-pitch array @ass remain the same, i.e., in-
spection capability for interconnection integritgrgcks) and individual solder ball re-
workability. In addition, most array packages aoenmercial-off-the-shelf (COTS) pack-
ages; they are required to be subjected to additistningent screening with added cost at
the package level prior to their acceptance for NApplications.

36



9. Acronyms and Abbreviations

AAP
BGA
BoK
CBGA
CCGA
CGA
CEMA
CcOB
COTS
CSP
CTE
CTF
Cu
DCA
DOE
EDX
EMS
ENIG

Area Array Packaging

Ball Grid Array

Body of Knowledge

Ceramic Ball Grid Array

Ceramic Column Grid Array
Column Grid Array

Center for Electronics Manufacturing and Asbgm
Chip on Board
Commercial-off-the-shelf

Chip Scale (Size) Package
Coefficient of Thermal Expansion
Cycles to Failure

Copper

Direct Chip Attachment

Design of Experiment

Energy Dispersive X-ray
Engineering Manufacturing Service
Electroless Nickel Immersion Gold

FCBGA Flip Chip Ball Grid Array
FPBGA Fine Pitch BGA, a.k.a. Chip Scale PackagdP)CS
FC/DCA Flip-Chip Direct Chip Attach

HASL
HDI
IAg

IC
ImAg
1/0
INEMI
IPC
IR
JPL
KGD
LCCC
MER
MIP
MLF
MRO
MSL

Hot-Air Solder Leveling

High Density Interconnect

Immersion Silver

Integrated Circuit

Immersion Silver

Input/Output

International Electronics Manufacturing Iritive
Association Connecting Electronics Industries
Infrared

Jet Propulsion Laboratory

Known Good Die

Leadless Ceramic Chip Carrier

Mars Exploration Rovers

Mandatory Inspection Point

Microlead Frame

Mars Reconnaissance Orbiter

Mars Science Laboratory
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NASA
NEPP
NGST
Ni
NSMD
OSP
PBGA
PTH
PTHV
PWA
PWB
QA
QFN
QFP
RIT
RT
SAM
SEM
SIP
SMC
SMD
SMT
TC
TCE
Tg

National Aeronautics and Space Administration
NASA Electronic Parts and Packaging
Next Generation Space Telescope
Nickel

Non Solder Mask Defined

Organic Solder Preservative

Plastic Ball Grid Array

Plated-Through Hole

PTH Via

Printed Wiring Assembly

Printed Wiring Board

Quality Assurance

Quad Flat No Lead

Quad Flat Pack

Rochester Institute of Technology
Room Temperature

Scanning Acoustic Microscopy
Scanning Electron Microscopy
Systems in a Package

Surface Mount Components

Solder Mask Defined

Surface Mount Technology

Thermal Cycle

Also CTE, Thermal Coefficient of Expansion
Glass Transition Temperature

TMA  Thermal Mechanical Analysis

TSOP
TV
UCSP
WLP

Thin Small Outline Package
Test Vehicle

Ultra Chip Scale Package
Wafer-Level Package
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