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Objectives and Products

Commercial-off-the-shelf area array packaging (COTS AAP) technologies in high reliability
versions are now being considered for use in a number of National Aeronautics and Space
Administration (NASA) electronic systems. Understanding the process and quality assurance
(QA) indicators for reliability are important for low-risk insertion of these newly available
packages. This report first summarizes the body of knowledge (BoK) on high-input/output
(I/0) plastic ball grid array (PBGA) and low-pitch chip scale package (CSP) technologies. It
then presents assembly thermal cycle reliability test results for assemblies of PBGA packages
with 256 and 1156 1/0Os with 1-mm pitch, a CSP package with 192 I/Os, a small flip chip die,
two sizes of newly available microlead frame packages (MLFs), two thin small outline pack-
ages (TSOPs), and three resistor sizes: 0603, 0402, and 0201. Packages were assembled onto
printed wiring board (PWB) using standard tin-lead solder alloy approved for NASA applica-
tions. Finally, the report provides QA indicators and qualification guidelines generated based
on the test results for the high-1/0 and low-pitch packages and assemblies. The qualification
guidelines based on test results will facilitate NASA projects to use very dense and newly
available packages reliably, allowing more processing power 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 (BoK) survey for designing, manufactur-
ing, and testing high-input/output (I/O) and low-pitch area array packages. It then
presents test data on design, assembly, and environmental evaluation results for various
newly available electronics packages assembled onto printed wiring boards (PWBs).
Packages included plastic ball grid arrays (PBGAs) with I/Os up to 1156 and 1-mm pitch,
high-I/O chip scale packages (CSPs), low-pitch flip chip, microlead frame/quad flat no
lead (MLF/QFN), and small resistors to 0201 size. Finally, it summarizes lessons learned
from test results for assembly and environmental testing along with optical, scanning
electron microscopy (SEM), and x-ray photomicrographs showing damage progress. Top-
ic discussed in this report are as follows:

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

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

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

Quality assurance documentation of manufacturing processes, including solder paste
volumes and photomicrographs of paste deposition showing uniformity and distribu-
tion. Representative processing data for high-1/0, low-pitch, QFN, and passive chip re-
sistors were presented.

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

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

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

X-ray characterization of thermally cycled assemblies to determine quality assurance
indicators and to establish if x-rays can detect damage due to thermal cycling.

Optical microscopy characterization of assemblies with visible solder joints, including
thin small outline packages (TSOPs), QFNs, and resistor at intervals was performed to
document damage progress for various thermal cycling conditions.

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

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



2. Executive Summary

This report presents solder joint reliability test results for high-input/output (I/O) and
low-pitch plastic ball grid array (PBGA) packages as well as other active/passive parts
assembled onto printed wiring/circuit boards (PWB/PCB). It also includes reliability tests
performed in collaboration with a university and an engineering manufacturing services
(EMS) company. Figure 1 shows representative area array packages evaluated, including
a high-1/0 PBGA (1156 1I/Os) with 1-mm pitch and a low-pitch chip scale package (CSP)
(192 1/0s) with 0.4-mm pitch.
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Figure 1. Area array plastic_ packages from high 1156 I/Os with 1-mm pitch to low
192 1/0Os with 0.4-mm pitch.

BGAs with 1.27-mm pitch (distance between adjacent ball centers) or lower are the
only choice for packages with higher than 300 I/O counts, replacing leaded packages
such as the quad flat pack (QFP). These types of packages are also used for lower lead
counts. In addition to size reduction, the area array packages also provide improved elec-
trical and thermal performance, more effective manufacturing (improved manufactura-
bility), and ease-of-handling compared to the conventional surface mount (SMT) fine-
pitch leaded parts.

CSPs (a.k.a fine-pitch BGAs, FPBGAs) are further miniaturized versions of BGAs,
leaded, and leadless packages with pitches less than 1.27 mm. These electronic packages
have low mass and small chip sizes, and are generally used for low I/Os (<100) for mem-
ory and have the potential for use in higher (>300) I/Os. They also provide improved
electrical and thermal performance, more effective manufacturing, and ease-of-handling
compared to the conventional surface mount leaded parts such as thin small outline pack-
ages (TSOPs). Quad flat no-lead (QFN) and wafer-level packages are other packages de-
signed for better heat dissipation and size reduction. However, compared to conventional
packages, BGAs/CSPs have some key issues (mainly inspection, individual ball re-
workability, and in some cases reliability) with the implementation of the new area array
packages for high reliability applications.



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

The key drawbacks of PBGA and fine-pitch array packages remain the same, i.e., in-
spection capability for interconnection integrity (cracks) and individual solder ball re-
workability. In addition, most array packages are commercial-off-the-shelf (COTS) pack-
ages and are required to be subjected to additional stringent screening with added cost at
the package level prior to their acceptance for high reliability applications. The issues
with PBGA COTS packages are essentially the same as other COTS issues, including
package die source and materials variations from lot-to-lot, availability of packages with
radiation hard die, and outgassing for materials, and so on. Acceptability of ball integrity
attachment before and after burn-in and coplanarity is also an issue to be considered. As-
sembly/inspection-related issues are additional key aspects of such implementation. Other
issues include challenges of manufacturing of fine-pitch array packages and extremely
small passives.

In this report, thermal cycle reliability of test vehicles (TVs) with daisy chain confi-
guration under three thermal profiles is discussed in detail, including the nature and ex-
tent of damage and level by optical, x-ray, and cross-sectional photomicrographs. The
report also provides a summary of test results performed in collaboration with industry
and a university. Key findings based on a survey and test results are presented in the con-
clusion section. Key requirements for implementation of National Aeronautics and Space
Administration (NASA) electronics systems are discussed in the NASA application sec-
tion.



3. Background Information

3.1 Introduction

Ball grid arrays (BGAs) and chip scale packages (CSPs) are now widely used for many
electronic applications, including portable and telecommunication products [1]. BGAs
with 1.27-mm pitch are implemented for high reliability applications, generally demand-
ing more stringent thermal and mechanical cycling requirements. The plastic BGAs in-
troduced in the late 1980s and implemented with great caution in the early 1990s, further
evolved in the mid 1990s to the CSP (also known as fine-pitch BGA) having a much finer
pitch from 0.4 mm down to 0.3 mm. Because of these developments, it has become even
more difficult to distinguish different area array packages by size and pitch.

Extensive work has been carried out by a National Aeronautics Space Administration
(NASA)-led consortium in understanding technology implementation of area array pack-
ages for high reliability applications. The work included process optimization, assembly
reliability characterization, and the use of inspection tools, including x-ray and optical
microscopy, for quality control and damage detection due to environmental exposures.
Lessons learned by the Jet Propulsion Laboratory (JPL)-led team and others have been
previously published [2—-11].

BGA packages with large 1.27-mm pitch have been the package of choice for com-
mercial applications for many years. The BGA inputs/outputs (I/Os)/pitches have conti-
nuously increased/decreased and now high-1/O packages with 1-mm pitch or lower are
common. Area arrays come in many different package styles, including the plastic ball
grid array (PBGA) with ball composition of eutectic Sne3Pbs7 alloy or slight variations
such as SngoPbsg. The ceramic BGA package uses a higher melting ball (PbgoSn;o) with
eutectic attachment to the die and board. The column grid array (CGA) or ceramic col-
umn grid array (CCGA) is similar to a BGA except that it uses column interconnects in-
stead of balls. The lead-free CCGA uses a copper instead of high melting lead/tin col-
umn. The flip-chip BGA (FCBGA) is similar to the BGA, except that internally a flip
chip die rather than a wire-bonded die is used.

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

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



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

In addition, numerous test vehicles (TVs) were built to determine issues associated
with process and reliability of various high-I/O and low-pitch PBGA packages. Process
variations for these types of packages as well as MLF and passives resistors were docu-
mented. Furthermore, results for thermal cycle reliability of TVs with daisy chain confi-
guration under three profiles are presented and discussed in detail, including optical, x-
ray, and x-sectional photomicrographs showing damage progress. A summary of test re-
sults performed in collaboration with industry and university is also included. Finally,
key findings based on the literature survey, and test results are presented in the conclu-
sion section. Also, key requirements for implementation of the new area array packaging
technologies for NASA electronics systems are discussed in the NASA application sec-
tion.

3.2 Area Array Packages

Area array packages, e.g., BGAs (see Figure 2) and CCGAs with 1.27-mm pitch (distance
between adjacent ball centers) and finer pitch versions with 1-mm pitch, are the only
choice for packages with higher than 300 I/O counts, replacing leaded packages such as
the quad flat pack (QFP). Area array packages also provide improved electrical and ther-
mal performance, more effective manufacturing, and ease-of-handling compared to con-
ventional surface mount (SMT) leaded parts. Finer pitch area array packages (FPBGA),
a.k.a CSPs, are further miniaturized versions of BGAs, or smaller configurations of
leaded and leadless packages with pitches generally less than 1 mm.

Wire Bond

Flip Chip

63Sn/37Pb
Lead free

638Sn/37Pb
Lead free

110> 600

Plastic BGA (PBGA) Flip Chip BGA (FCBGA)

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

3.21 Advantages of Area Array Packages

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

e High-I/O capability (100s to approximately 3000 balls can be built and manufactured,
but gull-wing leads are limited to less than 300 1/Os.)



e Higher packaging densities (This is achievable since the limit imposed by package pe-
riphery for the gull wing leads is not applicable in the case of area array packages be-
cause area rather than periphery is used; hence, it is possible to mount more packages
per the same board area.)

e Faster circuitry speed than gull wing surface mount components (SMCs) because the
terminations are much shorter and therefore less inductive and resistive

e Better heat dissipation because of more connections with shorter paths

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

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

3.2.2 Disadvantages of Area Arrays

Area array packages, however, are not compatible with multiple solder processing me-
thods, and individual solder joints cannot be inspected and reworked using conventional
methods. In ultra low volume SMT assembly applications, the ability to inspect the solder
joints visually has been a standard inspection requirement and is a key factor for provid-
ing confidence in the solder joint reliability. Advanced inspection techniques, including x-
ray, need development to provide such confidence for BGA and FPBGAs.

The four chief drawbacks of area array packages are:
e Lack of direct visual inspection capability
e Lack of individual solder joint re-workability
¢ Interconnect routing between the chip and the PWB requiring a multilayer PWB
e Reduced resistance to thermal cycling due to use of rigid balls/columns

3.3 Review of Chip Scale Package (CSP)

The trend in microelectronics has been toward ever increasing I/Os on packages, which
is, in turn, driving the packaging configuration of semiconductors. Key advantages and
disadvantages of CSPs compared to bare die are listed in Table 1. Chip scale packaging can
combine the strengths of various packaging technologies, such as the size and performance
advantage of bare die assembly and the reliability of encapsulated devices.

The advantages offered by chip scale packages include smaller size (reduced footprint
and thickness), lesser weight, relatively easier assembly process, lower overall production
costs, and improvement in electrical performance. CSPs are also tolerant of die size changes,
since a reduced die size can still be accommodated by the interposer design without changing
the CSP’s footprint.

CSPs have already made a wide appearance in commercial industry as a result of
these advantages, and now, even their three-dimensional (3D) packages are being widely
implemented. Unlike conventional BGA technology at typically 0.8-1.27 mm pitch,



CSPs utilize lower pitches (e.g., currently, 0.8 to 0.3 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 e Limits package to low I/Os
(KGD) e Electrical performance
e Ease of package handling e Routability
* Robust assembly process ‘ e Microvia needed for high I/Os
* Only for area array version e Pitch limited to use standard PWB
e Accommodates die shrinking or

¢ Reliability is poor in most cases
e Underfill required in most cases to im-
prove reliability
e Array package version
e Inspectibility
e Reworkability of individual balls

expanding
e Standards
¢ Infrastructure
e Rework/package as whole

In an effort to systematically characterize the CSP as a package group, they may be
classified into categories or types including: 1) the flex circuit interposer type; 2) the ri-
gid substrate interposer type; 3) the custom lead frame type; and 4) the wafer-level pack-
age (WLP) type. A typical chip scale packaging process starts with the mounting of the
die on the interposer using epoxy, usually of non-conductive type (although conductive
epoxy is also used when the die backside needs to be connected to the circuit). The die is
then wire bonded to the interposer using gold or aluminum wires. Wire bond profiles
must be as low and as close to the die as possible in order to minimize package height.
Plastic encapsulation to protect the die and wires then follows, usually by transfer mold-
ing. After encapsulation, solder balls are attached to the bottom side of the interposer,
then the package is marked, and finally, the parts are singulated from the lead frame.

In summary, several different approaches are being employed by different companies
to meet the packaging challenge of mounting high pin count integrated circuits(ICs) to
substrates. Each of these approaches has its own merits and drawbacks.

o 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 array, or BGA, technology. If the
package dimensions are nearly the same as those of the IC, this technology is called
chip scale packaging, or CSP. The principal advantage of BGA and CSP are their abili-
ty to protect the IC (with package) and their close similarity to flip-chip.



o 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 (COB) or
chip-and-wire direct-chip attachment (DCA).

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

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

Flip Chip On Board

Ny

Wire Bond TAB
COB CSpP

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

3.4 MLF Packages

Figure 4 shows a number of no-lead package configurations. The MicroLeadFrame®
package (MLF®) evaluated in this investigation is a near CSP plastic encapsulated pack-
age with a copper lead frame substrate. It is a leadless package where electrical contact to
the PWB is made by soldering the lands on the bottom surface of the package to the
PWB, instead of the conventionally formed perimeter leads. The wide conductive bottom
pad in this package technology enhances the thermal and electrical properties of the
package.

The exposed die attach paddle on the bottom efficiently conducts heat to the PWB
and provides a stable ground through down bonds and electrical connections through
conductive die attach material. The design also allows enhancement of electrical perfor-
mance by enabling the standard 2 GHz operating frequency to be increased up to 10 GHz
with some design modifications.
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Figure 4. Examples of no-lead packages, including MLF® package photo and cross-
sectional drawings.



4. PBGA Reliability
4.1 Background

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

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

This section categorizes the second-level assembly reliability for a number of plastic ball
grid arrays (PBGAs) based on various parameters. Reliability data from researchers as well
as suppliers will be tabulated for a number of packages from low to very high input/outputs
(I/0s). This section also presents and compares reliability test results from a Jet Propulsion
Laboratory (JPL)-led consortium to those from the literature for single and double-sided as-
semblies.

4.2 Plastic Package Assembly Reliability

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

Table 2 clearly shows the effect of thermal cycle range on CTFs; as delta T increases,
CTF generally decreases. Maximum and minimum temperature and dwell time at these
temperatures contribute to failures. For example, the CT1%F (cycles-to-one percent-
failure) for PBGA 256 1/0O and 1.27-mm pitch in the range of 0° to 100°C was more than
9000 cycles (case #2); it was significantly reduced to approximately 2000 cycles when
the temperature range increased to —40°/125°C (case #10)

Package size, thickness, configuration, internal die attach type, and 1I/Os also play a
significant role in CTF. For example, in comparing case #2 to case #3, a significant de-
crease in CT1%F is shown when package I/O increased from the 256 1/Os, 1.27 mm, to
1849 1/0s (>9000 vs. 3095 cycles in the range of 0 to 100°C). Note that package configu-
ration is also different for the higher I/O package; it has flip-chip die rather than wire-
bond die attachment.

10



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

Printed wiring board (PWB) thickness/stiffness also affects PBGA CTF. Preferred
thickness was defined as 2.3 mm in IPC 9701 since it is known that, generally, pack-
ages assembled on thinner PWBs show higher CTFs. Comparison for PBGAs with 1.27
mm in the range of 0°C to 100°C is difficult since most test data are generated using IPC
PWB thickness values and also since most low I/O packages survived a large number of
cycles. For example, PBGA 256 /O showed no failures to 9000 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 ball/paste illustrating the effect of a

number of key variables.

Thermal Cycle
Pkg Size Condition
Case | Package (die size, (ramp, dwell, First Mean Life
No. | (I/O, pitch) mm) cycle/hr) Failure (Ne63.2%) Comments
1 PBGA-119- 27 %277 0°C/100°C 6260 12215 27 Pkg
1.27 (17.8 x17.8 | (10 min, 5 min, | (1% failure) Ref. Mawer [12]
% 0.3) 2)
2 PBGA-256- 27 %27 0°C/100°C No failure to No PWB 1.6 mm Thk
1.27 (10 x 10) (10 min, 5 min, | 9000 cycles failure to Ref. Amkor [13]
2) 9000 cycles
3 FCBGA- 7 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 %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
% 0.3) 2) Ref. Xilinx [15]
6 PBGA-900- 31 x31.5 0°C/100°C 4405 5344 28/28 fail
1.0 (17> 17> | (10 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 (17.9 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 (die size, (ramp, dwell, First Mean Life
No. | (I/O, pitch) mm) cycle/hr) Failure (Ne63.2%) Comments
9 PBGA-313- 35 %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% fallure) Ref. Amkor [13]
15 min, 1)
11 PBGA-676- 27 x 27 -40°C-125°C 1341 1830 27/32 Fail,
1.0 (17.8 x17.8 (15 min, PWB 1.6 mm Thk
x0.3) 15 min, 1) Ref. Xilinx [15]

Double-sided, mirror image PBGA assemblies have significantly lower CTF com-
pared to their single-sided version. Table 3 shows an example of the effect of double-
sided mirror image on CTFs for a 175 1/O flip-chip package [5, 19, 20]. Recently, Chapa-
rala, et al. [21] performed experimental and modeling analyses to verify results presented
by Ghaffarian in his 1999 article published in Chip Scale Magazine. Ghaffarian reported
that the mean time to failure for mirror-imaged CSP assemblies in thermal cycling is 40—
60% less than that observed for single-sided CSP assemblies. He identified the factors
differentiating double-sided assemblies from single-sided assemblies as an increase in
assembly standoff due to a second reflow pass, an increase in assembly stiffness, and
thermal disturbance due to the package on the other side of the PWB.

Table 3. Comparison of TV-2 FPBGA thermal cycle test results (-55°/125°C) to literature
data for 0 to 100°C thermal cycle range.

Board
Thickness Thermal Weibull | Accelera-
(NSMD Via Location | Cycle Range Weibull Shape tion
TV ID pad size) (diameter) (total time) | Scale (no.) (m) Ratio
175 /O FPBGA- 1.57 +/-0.2 On pad 0°C to 100°C
enhanced (125 um) (32 min)
Single-Side (300 pm) 4331 11.1 N/A
Condition 1 (400m) 3525 9.1
Condition 2
175 /O FPBGA-
standard
Double-Side (300 pm) 1616 17.6 N/A
Condition 1 (400 m) 1163 10.5
Condition 2
TV-21751/0 1.27 On pad —55°C to
FPBGA (300 pm) (100 pm) 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 was to characterize the reliability of high
input/output (I/O) and low pitch of various package assemblies using tin-lead solder
paste. Figure 5 shows photos of representative packages used in this investigation. A de-
sign of experiments (DOE) technique was used to cover various aspects of processing and
packaging assembly reliability.

III_I|II!II|
8

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

The following packages and parameters were evaluated as part of a larger DOE im-
plementation:

Two plastic ball grid arrays (PBGAs) were assembled with tin-lead solder balls both
with 1-mm pitch and fully populated balls; one with 256 and the other with 1156 1/Os.
Numerous daisy chains were designed on board to compliment daisy chains on a pack-
age in order to generate complete chains for solder joint failure monitoring.

Two fine-pitch packages were included in the evaluation. A CSP package known as ul-
tra chip scale packages (UCSP) had 192 I/Os with 0.4-mm pitch and 7-mm” body size.
Also, flip chip die with 0.45-mm and 0.25-in® body size were directly assembled on
board. No solder paste was used for either UCSP or flip-chip die attachment.

PBGAs, UCSP, and flip-chip packages were not underfilled.

Microlead frame (MLF) packages had 36 and 72 bottom leads with 0.5-mm pitch and
body size of 0.6 and 1 mm?®, respectively. Tin-lead solder paste was used both on peri-
pheral pads and central ground pads.

A this small outline package (TSOP) package with two-sided leads on the width had 40
and 48 pins with 0.5-mm pitch and body size of 10 x 18.4, and 12 x 18.4 mm, respec-
tively.
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e Passive resistors with sizes of 0603, 0402, and 0201 were assembled on board using
tin-lead solder paste.

e Boards were made from high Tg FR-4 materials with 0.062-inch thickness. They had
an [Ag (immersion silver) surface finish in order to also accommodate lead-free PBGA
package assembly.

e A standard 6-mil-thick stencil was used for tin-lead solder paste print. Solder volume
was measured at four corners and center for several assemblies to document actual
paste print volume and solder paste release efficiency.

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

The assemblies were subjected to three thermal cycle profiles. Both the process and
reliability results for various package assemblies, including PBGAs and CSPs, are dis-

cussed below.

5.2 Test Vehicles

Figure 6 shows a test vehicle assembly fully populated with high-I/O and low-pitch area
array packages as well as TSOPs, quad flat no lead (QFNs), and passives including 0201.
High Tg FR-4 boards with 0.093 inch thickness were used for the tin-lead assemblies. All
packages had internal daisy chains where pairs of pads were connected by additional wire
bonds. Compliment specific pairs of PWB pads were designed so that their connections
within package daisy chain pairs completed a specific daisy chain pattern for solder joint
failure monitoring. One or more daisy chains for each package were used for monitoring
during thermal cycling and at intervals. Additional pads were added at each side of the
package for manual probing and narrowing failures locations. Passive resistor compo-
nents were also daisy chained by connecting them in a row and using the two ends of the

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

An RMA paste, Type III (=325+500) mesh, was used for paste deposition on the
PWB pad’s patterns using a paste print machine with standard parameters, including
paste print speed. After deposition, each paste print was visually inspected for gross de-
fects such as bridging or insufficient paste. For 1156 and 256 I/O PBGAs, on rare occa-
sion, print quality was improved by adding a small amount of paste when insufficient
paste was detected and by removing a small amount of solder paste between the pads to
leave it open when bridging was discovered. For UCSP packages, the paste print volumes
were inconsistent; therefore, only flux was used after a few unsuccessful trial test vehicle
builds with paste. The paste print quality for the extremely small 0201 resistors was also
inconsistent; only a limited number were corrected in order to achieve daisy chain con-
nectivity for daisy chain monitoring in subsequent thermal cycling.

Solder paste areas and heights were measured using a laser profilometer with a three-
dimensional (3D) measurement capability. Measurements were made at numerous loca-
tions—including corner and peripheral center pads—to gather solder volume data and
their corresponding distributions.

An example of photomicrographs of PBGA 1156 pads after paste deposition with
solder paste and solder paste characteristics parameters, including heights and areas, is
shown in Figure 7. Figure 8 shows color-coded height distribution of solder paste print
for this set of pads and another test vehicle. A similar distribution was achieved for solder
deposition of PBGA 256 1/Os with 1-mm pitch. Overall, no major manufacturing issues
were encountered with the paste depositions for PBGAs with 1-mm pitch.

Figure 7. Solder paste print quality and estimated volumes for PBGA 1156 1/Os using a laser
profilometer.
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Figure 8. Examples of plots of color-coded solder height distribution for PBGA 1156 1/Os.

Figure 9 shows an example of photomicrographs of solder paste print and color-
coded height for UCSP 192 I/O with fine pitch. The variation shown for solder paste print
quality is unacceptable. Use of solder paste for this package was abandoned after a few
trial paste depositions and only solder flux was used for assembly. Representative plots
of solder paste distribution and color-coded heights for other packages/passives are
shown in Figure 11. Quality of paste print was generally acceptable for leaded and lead-
less packages. The stencil design for MLF 72 1/Os was corrected to achieve higher solder
volume after first paste p