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Abstract
A direct and deleterious effect on packaging reliability has been observed during elevated
temperature isothermal aging for fine-pitch ball grid array (BGA) packages with Sn-1.0Ag0.5Cu (SAC105) and Sn-3.0Ag-0.5Cu (SAC305) solder ball interconnects. Package sizes
ranging from 19 mm with 0.8 mm pitch BGAs to 5 mm with 0.4 mm pitch BGAs with three
different board finishes (ImAg, ENIG, ENEPIG) were evaluated.
The aging temperatures were 125oC, applied for a period of 6 months and 12 months.
Subsequently, the specimens were thermally cycled from -40oC to 125oC with 15 min dwell
times at the high temperature. The Weibull characteristic lifetime is dramatically reduced during
isothermal aging at 125oC for SAC105/305 on a variety of finishes. In particular, SAC105
undergoes a considerable lifetime reduction during aging and illustrates the risk in using
SAC105 solder balls in applications where thermal fatigue failure is a concern. IMC analysis
showed the IMC is thicker at corner side solder balls compared to center balls in most cases. For
the 0.8mm pitch 15mm package size BGA, the investigating of degradation charts shows that the
characteristic lifetimes for both SAC105 and SAC305 decrease as: ENIG > ENEPIG > ImAg.
However, the order is ENIG ≈ ENEPIG> ImAg for 0.4mm pitch 10mm package size BGA. In all
cases, ENIG performs better than Immersion Ag for applications involving long-term isothermal
aging. SAC305, with a higher relative fraction of Ag3Sn IMC within the solder, performs better
than SAC105. SEM and polarized light microscope analysis show most cracks happened at
package side, propagated from corner to center or even to solder bulk, which eventually cause
ii

fatigue failures. Three factors are discussed: IMC, Grain Structure and Ag3Sn particle. The
continuous growth of Cu-Sn intermetallic compounds (IMC) and grains increase the risk of
failure,

while

Ag3Sn

particle

seems

helpful
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to

block

the

crack

propagation.

Acknowledgments
The author would like to thank his advisor Dr. John L. Evans for his support, guidance,
and mentorship throughout this research. Sincere gratitude and appreciation are also extended to
my committee members, Dr. Richard Sesek, Dr. M. J. Bozack, and Dr. Andres Carrano for their
valuable insights and precious time in the course of this research. The author particularly thanks
Dr. Michael Bozack for his editorial guidance during the publication of several journal papers
and this thesis, with many useful discussions during the lead-free soldering project. Thanks are
also extended to all my lab-mates, coworkers, and friends: Dr. Jiawei Zhang, Dr. Zhou Hai,
Cong Zhao, and Thomas Sanders, and thank you Dr. Michael Miller and John Marcell for your
encouragement and friendship. Finally, the author is in debt to his parents who have supported
him endlessly although they are so far away.

iv

Table of Contents

Abstract ......................................................................................................................................................... ii
Acknowledgments........................................................................................................................................ iv
List of Tables .............................................................................................................................................. viii
List of Illustrations ......................................................................................................................................... x
Chapter 1 ....................................................................................................................................................... 1
General Introduction................................................................................................................................. 1
1.1

Development in Packaging Technology .......................................................................................... 1

1.2

SMT components ............................................................................................................................. 1

1.2.1 QFP (Quad Flat Package) ............................................................................................................ 2
1.2.2 QFN (Quad Flat No-leads) .......................................................................................................... 4
1.2.3 PGA (Pin Grid Array) ................................................................................................................... 5
1.2.4 BGA (Ball Grid Array) .................................................................................................................. 6
1.2.5 LGA (Land Grid Array)................................................................................................................. 8
1.3

PCB Substrate .................................................................................................................................. 9

1.4 Solder Mask ...................................................................................................................................... 9
1.5

Lead-free PCB Surface Finish ....................................................................................................... 10

1.5.1 HASL ......................................................................................................................................... 10
1.5.2 OSP ........................................................................................................................................... 11
1.5.3 ENIG.......................................................................................................................................... 12
1.5.4 ENEPIG...................................................................................................................................... 13
1.5.5 ImAg ......................................................................................................................................... 14
1.5.6 ImSn.......................................................................................................................................... 15
1.6 Solder Paste..................................................................................................................................... 15
1.7 Solder Alloys .................................................................................................................................. 16

v

1.7.1 Sn-Ag-Cu Solder Alloy ............................................................................................................... 18
1.8 SMT Assembly ............................................................................................................................... 19
1.8.1 Assembly Process ..................................................................................................................... 21
1.9 Reflow-Soldering ............................................................................................................................ 23
1.10 Accelerated Life Testing ............................................................................................................... 24
1.11 Outline of the Dissertation ............................................................................................................ 25
Chapter 2 ..................................................................................................................................................... 27
Literature Review .................................................................................................................................... 27
2.1

Introduction .................................................................................................................................... 27

2.2

Effect of IMC ................................................................................................................................. 28

2.2.1 General Information ................................................................................................................. 28
2.2.2 Effect of Ag3Sn IMC .................................................................................................................. 29
2.2.3 Effect of Cu-Sn IMC .................................................................................................................. 31
2.2.4 Effect of IMC Thickness Growth ............................................................................................... 32
2.2.5 Effect of IMC with different Surface Finish .............................................................................. 34
2.2.6 Effect of Sn Recrystallization .................................................................................................... 34
2.3

Drop Test Effect for ENIG, ENEPIG finishes ............................................................................... 36

2.4 Vibration Test for ENEPIG/ImAg Finishes ................................................................................... 38
2.5 Thermal Aging and Cycling.............................................................................................................. 40
Chapter 3 ..................................................................................................................................................... 42
Test Introduction .................................................................................................................................... 42
3.1

Introduction .................................................................................................................................... 42

3.2 Test Vehicle Design and Assembly ............................................................................................... 43
3.2.1 Test Vehicle .............................................................................................................................. 43
3.2.2 Surface Finish ........................................................................................................................... 44
3.2.3 Solder Paste and Stencils ......................................................................................................... 46
3.2.4 SMT Assembly Processes ......................................................................................................... 47
3.2.5 Inspection Test Vehicle ............................................................................................................ 50
3.3 Thermal Test .................................................................................................................................. 50
3.3.1 Test Matrix and Test Conditions .............................................................................................. 50
3.3.2 Data Acquisition System........................................................................................................... 52
3.4 Failure Analysis .............................................................................................................................. 52

vi

Chapter 4 ..................................................................................................................................................... 55
Reliability Data Analysis .......................................................................................................................... 55
4.1 Data Analysis of Aging Effect ........................................................................................................ 55
4.2 Data Analysis of Package Size Effect ............................................................................................. 61
4.3 Data Analysis of Pb-Free Effect ..................................................................................................... 63
4.4 Data Analysis of Surface Finish Effect ........................................................................................... 72
Chapter 5 ..................................................................................................................................................... 77
Failure Analysis ....................................................................................................................................... 77
5.1 IMC Analysis .................................................................................................................................. 77
5.1.1 IMC Properties ......................................................................................................................... 77
5.1.2 IMC Thickness Analysis ............................................................................................................. 84
5.1.3 IMC Thickness Growth Effect ................................................................................................... 88
5.2 Failure Mode ................................................................................................................................... 90
5.3 Crack Propagation ........................................................................................................................... 94
Chapter 6 ..................................................................................................................................................... 97
6.1 Conclusion ...................................................................................................................................... 97
6.2 Limitation and Uncertainty ............................................................................................................. 99
6.3 Publications ..................................................................................................................................... 99
Chapter 7 ................................................................................................................................................... 102
Future Work .......................................................................................................................................... 102
References ................................................................................................................................................. 106

vii

List of Tables
Table 1. Quad Flat Package Types ...................................................................................... 3
Table 2. Different Types of BGA [4] ................................................................................... 7
Table 3. Details of Three Solder Alloys ............................................................................. 18
Table 4. Elastic modulus measured by ultrasonic stress wave propagation ................. 19
Table 5. Example of Reflow Solder Profile ....................................................................... 24
Table 6. Test Vehicle Surface Finish ................................................................................. 39
Table 7. Weibull Parameters (a) SnPb Solder (b) SAC 305 Solder................................ 40
Table 8. Component Matrix ............................................................................................... 44
Table 9. Lead-free Solder Paste Parameters .................................................................... 46
Table 10. Test Plan .............................................................................................................. 51
Table 11. Characteristic Life for BGA for Different Aging Times (aging at 125°C; M =
months) ........................................................................................................................ 60
Table 12. Degradation Rate of Each Aging Group (M = months) ................................. 61
Table 13. Degradation Rate Differences with Aging Time (M = months) ..................... 61
Table 14. Characteristic Life Time for Immersion Ag, SAC305 BGA with Different
Package Sizes ............................................................................................................... 62
Table 15. Characteristic Life Time for SnPb, SAC105 and SAC305 BGA with 10mm
package size and ENIG, ENEPIG Plating after Aging at 125oC ........................... 66
Table 16. Characteristic life comparison (η) for SnPb, SAC105 and SAC305 BGA with
15mm package size and ENIG, ENEPIG Plating .................................................... 71
Table 17. Degradation Rate Comparison for 10mm BGA Package after Aging .......... 76

viii

Table 18. 0.8mm pitch SAC305 Board Side IMC Thickness Growth during 125oC
Aging ............................................................................................................................ 84
Table 19. 0.8mm Pitch SAC105/SAC305 Board Side IMC Thickness Growth with
ENIG Finish................................................................................................................. 85
Table 20. Component Matrix ........................................................................................... 104

ix

List of Illustrations
Figure 1. Traditional DIP Components .............................................................................. 2
Figure 2. Quad Flat Package................................................................................................ 3
Figure 3. QFN Package......................................................................................................... 4
Figure 4. Cross Section of a Flat No-leads Package ........................................................... 5
Figure 5. Pin Grid Array Package....................................................................................... 6
Figure 6. BGA and CSP Package ........................................................................................ 7
Figure 7. Cross Section of LGA Package ............................................................................ 8
Figure 8. NSMD (Left) and SMD (Right) ........................................................................... 9
Figure 9. Surface Finish Thickness [11]............................................................................ 10
Figure 10. Advantages and Disadvantages of HASL ....................................................... 11
Figure 11. Advantages and Disadvantages of OSP .......................................................... 12
Figure 12. Advantages and Disadvantages of ENIG........................................................ 13
Figure 13. Advantages and Disadvantages of ENEPIG .................................................. 14
Figure 14. Advantages and Disadvantages of ImAg ........................................................ 14
Figure 15. Advantages and Disadvantages of ImSn ........................................................ 15
Figure 16. Solder Paste Sample ......................................................................................... 16
Figure 17. Melting Point of Solder Alloy .......................................................................... 17
Figure 18. Sn-Ag-Cu Tenary Phase Diagram................................................................... 19
Figure 19. SMT Assembly Process Flow [17] ................................................................... 21
Figure 20. General Reflow Solder Profile ......................................................................... 24
x

Figure 21. Binary phase diagram (a) Sn–Ag and (b) Sn–Cu .......................................... 29
Figure 22. The initial microstructure of Sn–xAg–Cu bulk solders. ............................... 30
Figure 23. Intermetallic growth with isothermal aging ................................................... 33
Figure 24. IMC Layer of ENIG (a) and ENEPIG (b) ...................................................... 34
Figure 25. Sn grain boundaries under cross polarized light, zone (1) and (2). ............. 35
Figure 26. Recrystallization ............................................................................................... 35
Figure 27. Drop Test Setup ................................................................................................ 37
Figure 28. Weibull Life Time Analysis ............................................................................ 38
Figure 29. (a) Drop impact test and (b) Temperature cycling test. ................................ 41
Figure 30. Test vehicle. ....................................................................................................... 43
Figure 31. ENIG (Left) and ENEPIG (Right) .................................................................. 44
Figure 32. RBS Analysis for ENIG and ENEPIG ............................................................ 45
Figure 33. Printing Machine .............................................................................................. 46
Figure 34. The Continental Electronics prototype manufacturing lab .......................... 48
Figure 35. Reflow Oven ...................................................................................................... 49
Figure 36. Reflow Profile (X-axis: Time-Second; Y-axis: Temperature-Celsius)......... 49
Figure 37. Skewed Pad on the Left and Solder Bridging on the right ........................... 50
Figure 38. Thermal Cycling Profile ................................................................................... 51
Figure 39. Schematic Design of the Monitoring System .................................................. 52
Figure 40. (a): SEM schematic showing the ion attack to release surface ions; (b): SEM
schematic for beam signal .......................................................................................... 53
Figure 41. Weibull Plot for up to 24 Month Aging at 125°C for Immersion Ag, SAC305
BGA with Various Package Size: (a) 19mm, (b) 15mm, (c) 10mm and (d) 5mm. 57
Figure 42. Weibull Plot for up to 24 Month Aging at 125°C for Immersion Ag, SAC105
BGA with Various Package Size: (a) 19mm, (b) 15mm, (c) 10mm and (d) 5mm. 59
Figure 43. Characteristic Life Time for BGA for Different Aging Times ..................... 60

xi

Figure 44. Degradation Chart for Immersion Ag, SAC305 BGA after Aging at 125oC
with Varying Package Sizes. ...................................................................................... 62
Figure 45. Weibull Plot for 10mm BGA Package on ENIG Plating after Aging at
125oC (a) SnPb (b) SAC105 (c) SAC305 .................................................................. 64
Figure 46. Weibull Plot for 10mm BGA Package on ENEPIG Plating after Aging at
125oC (a) SnPb (b) SAC105 (c) SAC305 .................................................................. 66
Figure 47. Characteristic Life Time for SnPb, SAC105 and SAC305 BGA with 10mm
package size and ENIG, ENEPIG Plating after Aging at 125oC ........................... 67
Figure 48. Weibull Plot for 15mm BGA Package on ENIG Plating after Aging at
125oC (a) SnPb (b) SAC105 (c) SAC305 .................................................................. 69
Figure 49. Weibull Plot for 15mm BGA Package on ENEPIG Plating (a) SnPb (b)
SAC105 (c) SAC305 .................................................................................................... 70
Figure 50. Characteristic life comparison (η) for SnPb, SAC105 and SAC305 BGA
with 15mm package size and ENIG, ENEPIG Plating ............................................ 71
Figure 51. Characteristic life comparison (η) for 10mm BGA finished with ENIG,
ENEPIG & ImAg subject to 125oC/12 months aging. ............................................ 72
Figure 52. Characteristic life comparison (η) for 15mm BGA finished with ENIG,
ENEPIG & ImAg subject to 125oC/12 months aging. ............................................ 72
Figure 53. Characteristic life comparison (η) for 10mm BGA soldered with SAC105 &
SAC305 subject to 125oC/12 months aging. ............................................................. 74
Figure 54. Characteristic life comparison (η) for 15mm BGA soldered with SAC105 &
SAC305 subject to 125oC/12 months aging. ............................................................. 75
Figure 55. Degradation Rate Comparison for 10mm BGA Package after Aging ......... 76
Figure 56. SAC305 solder joint on ENIG, no aging, BSE imaging. ............................... 78
Figure 57. Plate-Like Ag3Sn on 15mm SAC305 solder joint with ENIG, 6 month aging,
BSE imaging ................................................................................................................ 78
Figure 58. IMC Layer of 10mm SAC105 solder joint finished with ENIG at Package
Side (a) and Board Side (b). ....................................................................................... 80
Figure 59. Package side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENEPIG,
6 months aging. ........................................................................................................... 81
Figure 60. Board side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENEPIG,
6 months aging. ........................................................................................................... 82
xii

Figure 61. Board side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENIG, 6
months aging. .............................................................................................................. 83
Figure 62. 0.8mm pitch SAC305 Board Side IMC Thickness Growth during 125oC
Aging ............................................................................................................................ 84
Figure 63. 0.8mm Pitch SAC105/SAC305 Board Side IMC Thickness Growth with
ENIG Finish................................................................................................................. 85
Figure 64. IMC thickness analyses for 15mm BGAs with ENIG finish. (a) Board Side
(b) Package Side .......................................................................................................... 86
Figure 65. IMC thickness growth with ENIG finish on package (top) and board
(bottom) side for 15mm solder balls. ......................................................................... 87
Figure 66. IMC Thickness Growths with the Effect of Aging for 10mm SAC 105 solder
joints finished with ENIG (a) Board Side, (b) Package Side .................................. 89
Figure 67. SEM Images of 10mm Package SAC105 Solder Interconnections after 1
Year Aging at 125oC: (a) Crack at Package Side and Goes Along with IMC
Boundary, ENEPIG Finished, (b) Crack Goes into The Solder Ball, ENIG
Finished, (c) Crack Generates from The Inside of Solder Ball, ENIG Finished... 91
Figure 68. Cross-polarized Image of Figure 5.10(c). ....................................................... 92
Figure 69. SEM images of 15mm package SAC305 solder interconnections after 1 year
thermal aging at 125oC: (a) Crack at package side, ENIG finished, (b) Crack at
both sides, ImAg finished, (c) Crack at board side, ENEPIG finished. ................. 93
Figure 70. SEM Images of 10mm Package SAC105 Solder Interconnections after 6
Months aging at 125oC: (a) Crack Goes Along with IMC Boundary and Blocked
by Ag3Sn Particle, ENEPIG Finished, (b) Crack Propagation is subject to IMC
Layer Boundary, Grain Boundary and Ag3Sn Particles. ENIG Finished. ........... 95
Figure 71. Test Board Design ........................................................................................... 103
Figure 72. Componet Matrix ........................................................................................... 104

xiii

Chapter 1
General Introduction
1.1

Development in Packaging Technology
Over the past years, a lot of consumer electronics have been significantly reduced in

size, thickness and weight. Products such as cell phones, laptops, Pads, televisions, etc.,
have been reduced by as much as 3/4 of their original introduction size and weight. The
inclusion of fine pitch, surface mount components is the most significant contributing
factor to this reduction. Because the heavier, larger, and thicker leaded Through-Hole
(TH) package led to too much power and space. And it contributed significantly to the
total weight of the product. The trend of packaging is towards smaller, lighter and less
expensive.
1.2

SMT components
The Surface Mount (SM) package was developed to provide increased component

density and performance over the Dual-Inline-Package (DIP). The Surface Mount
package also provides good reliability performance. We illustrate several types of SMT
components in the following. Figure 1 shows the DIP component.
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Figure 1. Traditional DIP Components

1.2.1 QFP (Quad Flat Package)
The Quad Flat Package (QFP) is a four-sided package with lead extending from the
component body on all sides, largely used to ASIC and processor devices. Normally,
Quad Flat Package components are packaged in trays to protect the component lead
which can be easily damaged. Figure 2 shows the DIP component.
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This kind of package is ideal for processors, gate arrays (FPGA/PLD) and computer
motherboard chips. It is also particularly good for light-weight portable electronic
products which requiring broad performance, such as laptops, pads, smart phones, data
transmission, office automation, CD/DVD drives and communication boards.

Figure 2. Quad Flat Package

QFP types are listed in table 1[1]:
Table 1. Quad Flat Package Types
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1.2.2 QFN (Quad Flat No-leads)
The Quad Flat No-leads (QFN) package, pictured in (Figure 3), is a flat plastic
package that has perimeter leads underneath the device and larger pads in the center area.
The appeal of it is the compact size and slim body. The Quad Flat No-leads package is a
small contained package with a near chip-scale sized footprint. Its thin body makes it
ideal for applications where product thickness is a consideration. The QFN package
provides excellent thermal and electrical performance and utilizes perimeter pads to ease
circuit board trace routing. These traits make the QFN to be the choice for many
situations where electrical performance, weight, and size are important factors.

Figure 3. QFN Package

The figure 4 shows the cross section of a Flat No lead package with a lead
frame and wire bonding. There are two types of body designs, punch singulation and saw
singulation.[3] Saw singulation cuts a large set of packages in parts. In punch singulation,
a single package is molded into shape.
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Figure 4. Cross Section of a Flat No-leads Package

The cross section picture shows a saw-singulated body with an attached thermal
head pad. The lead frame is made of copper alloy. And for attaching the silicon die to the
thermal pad, a thermally conductive adhesive is used. The silicon die is wired to the lead
frame by 1-2 mil diameter gold lines. The pads of a saw-singulated package can either be
totally placed under the package, or they could fold around the edge of the package. [2]
1.2.3 PGA (Pin Grid Array)
Pin Grid Array (PGA) is a type of integrated circuit packaging technology. The
package shape is square or rectangular. Its pins are placed in a regular array on the
underneath of the package (Figure 5) that are commonly spaced 2.54 mm (0.1") apart,
and may or may not cover the entire underside of the package.
Pin Grid Array package is often mounted on printed circuit boards (PCB) using
the through-hole method or inserted into a socket. It provides space for more pins per
integrated circuit than older packages such as DIP package.
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Figure 5. Pin Grid Array Package

1.2.4 BGA (Ball Grid Array)
BGA package is a very popular surface mount package that provides a grid of solder
balls as its connectors. This package is available in plastic and ceramic varieties. BGA
allows lower voltages to be used because of its compact size, high lead count and low
inductance. BGA chips are much easier to align to the PCB, because the solder balls are
farther apart than leaded packages. [3]
Since the solder balls are underneath the chip, BGA has led the way to chip scale
packaging (CSP) that the package size is less than 1.2 times of the semiconductor die
itself. (Figure 6)
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Figure 6. BGA and CSP Package

A number of BGA variants have been developed to meet the variety of requirements
for different types of assembly and equipment. (Table 2)
Table 2. Different Types of BGA [4]
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1.2.5 LGA (Land Grid Array)
The land grid array (LGA) is a packaging technology with a square grid of contacts
on the underneath of a package. The contacts are to be connected to a grid of contacts on
the PCB. Not all rows and columns of the grid need to be used. The contacts can either be
made by using an LGA socket, or by using solder paste. [5]
LGA packaging is related to ball grid array (BGA) and pin grid array (PGA)
packaging. For LGA and PGA, LGA package is designed to fit either in a socket, or be
soldered by surface mount technology. However, PGA package cannot be soldered down
using surface mount technology. When comparing LGA with BGA, LAG package in
non-socketed configurations has no balls, and uses flat contacts which are soldered
directly to the PCB. However, BGA package has solder balls as their contacts between
the IC and the PCB. [6]

Figure 7. Cross Section of LGA Package
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1.3

PCB Substrate
Substrate is the dielectric material between two conducting layers on a PCB. Unlike

the conductor, though the vast majority of PCBs manufactured today use a glass
reinforced substrate known as FR4, there is a much wider range of choices available for
use as substrate. [7] FR-4, at glass transition temperatures higher than 125°C, which can
withstand a process temperature up to 230° C is inexpensive, flame resistant, resists
the absorption of water and generally functions very good for many applications. It could
provide the base standard for PCB substrates, delivering a widely effective balance
between cost, electrical properties, durability, manufacturability and performance. [8]
1.4 Solder Mask
Solder Mask is a thin layer of polymer that is applied to the copper traces of a PCB
for protection against oxidation and to prevent solder bridges from forming between
closely spaced solder pads. [9]

Figure 8. NSMD (Left) and SMD (Right)

9

Figure 8 illustrates NSMD pads on left: the solder ask opening is larger than the
copper pad. SMD pads on right: the solder ask opening is smaller than the copper pad.
[10]
1.5 Lead-free PCB Surface Finish
Surface finish can be defined as a coating, either metallic or organic in nature, which
is applied to a PCB in order to assure solder ability of the metal under plate. Most of
surface finish dissolves into the solder paste during reflow or wave soldering.
The typical 6 surface finishes and their thickness areas are listed in below Figure 9

Figure 9. Surface Finish Thickness [11]

1.5.1 HASL
HASL was the most significant technology in past decades. It has a number of
attributes that PCB fabricators and assembly houses prefer. And more, both leaded and
lead-free are available for this technology. The PCB assembly people like HASL because
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it can withstand multiple reflow cycles. The advantages and disadvantages are listed in
Figure 10.

Figure 10. Advantages and Disadvantages of HASL

1.5.2 OSP
OSP’s weak point is it can only sustain a couple of reflow cycles. Any more than
that, the PCB incurs thermal damage. The strong point is it has low cost. The advantages
and disadvantages are listed in Figure 11.

11

Figure 11. Advantages and Disadvantages of OSP

1.5.3 ENIG
ENIG continues to be a well-accepted surface finish, even though the extra cost gold
incurs. It has excellent co-planarity and medium fabrication cost. Its co-planarity and
solder joint integrity are excellent too. It has good RoHS compliant, which is very
important in nowadays. It also can sustain multiple reflows and has a good shelf life. The
advantages and disadvantages are listed in Figure 12.
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Figure 12. Advantages and Disadvantages of ENIG

1.5.4 ENEPIG
ENEPIG is a surface finish for PCB that has been around for a decade but is only
recently coming back into vogue. Because the high price of palladium had kept it out of
reach for most products. ENEPIG works well with both lead free and Sn63-Pb37 alloys.
ENEPIG is called the "Universal" surface finish because it can be used for almost all
assembly processes. The advantages and disadvantages are listed in Figure 13.
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Figure 13. Advantages and Disadvantages of ENEPIG

1.5.5 ImAg
Immersion Silver is a very standard finish on PCB and is RoHS compliant. The
advantages and disadvantages are listed in Figure 14.

Figure 14. Advantages and Disadvantages of ImAg

14

1.5.6 ImSn
Immersion Tin comes in second in terms of popularity. It has excellent co-planarity,
that means it provides a consistently flat surface and could match for fine-pitch devices
very well. The cost is acceptable, but it has a limited shelf life. It should be used within
three to six months. However, the called “tin whiskers” phenomenon has historically
plagued immersion tin. These electrically conductive, wispy-looking, hair-like formations
could cause short circuits and subsequent failure. [12] The advantages and disadvantages
are listed in Figure 15.

Figure 15. Advantages and Disadvantages of ImSn

1.6 Solder Paste
Solder paste consists of solder alloy and a flux system. (Figure 16) Normally the
volume is split into about 50% alloy and 50% flux and solvents. In term of mass, this
means approximately 90 weight% alloy and 10 weight% flux system and solvents. The
flux system has to remove oxides and contaminants from the solder joints during the
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soldering process. The activation level of the used flux decides the capability of removing
oxides and contaminants.

Figure 16. Solder Paste Sample

1.7 Solder Alloys
A solder is a fusible metal alloy with a melting point or melting range of 90°C to
450°C (200°F to 840°F), used in a process that called soldering where it is melted to join
metallic surfaces. It is especially useful in electronics. Alloys that melt between 180°C
and 190°C are the most popular. Figure 17 gives us the melting point of batch of solder
alloys.
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Figure 17. Melting Point of Solder Alloy

Tin/lead alloy is a fundamental solder, with a history dating back to the early days of
radio. This alloy family consists of three basic compositions that have melting points in
the 183°C (361°F) region:
• 63Sn/37Pb: the eutectic composition with a melting point of 183°C (361°F). The
term “eutectic” indicates that the composition produces an alloy with a distinct melting
point, versus a melting range.
The presence of lead, and its potential environmental impact led the industry to look
for lead-free alternatives. Lead-free solder alloys Legislation in Europe banned leadcontaining solders, with a few exceptions, effective on 01, July 2006. Lead-free alloy
development has largely focused on a group of alloys that have become known by the
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acronym “SAC” for its Sn/Ag/Cu (tin-silver-copper) composition. SAC alloys have
compositions that range from 3.0% to 4.0% silver and from 0.5% to 0.8% copper, with
the balance tin. They are generally regarded as eutectic, or nearly eutectic, at ~217ºC
(422°F). [13]
1.7.1 Sn-Ag-Cu Solder Alloy
From reliability standpoints, Sn/Ag/Cu alloys have been chosen as the replacement
for Sn-Pb solder. Table 3 indicates the properties of SAC 105, SAC 305 and Sn63-Pb37.
Table 3. Details of Three Solder Alloys

In the SAC system, the addition of Cu could make the melting temperature lower
and improve the wettability. [14] Figure 18 is the top view (2-D) of the ternary phase
diagram of Sn–Ag–Cu. [15] This red box area indicated is the near eutectic region. Most
of the SAC alloy compositions currently in use are within this region.
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Figure 18. Sn-Ag-Cu Tenary Phase Diagram

The SAC105 alloy could provide improved reliability to stress and vibration over
the SAC405 and SAC305 alloys. As Table 4 shows, the elastic modulus of SAC105 is
11% lower than SAC405.
Table 4. Elastic modulus measured by ultrasonic stress wave propagation

And the SAC305 has the best wettability, low melt point, anti-fatigue and high
reliability. It is widely manufactured as solder preform/wire applicate in electronic
package soldering. [16]
1.8 SMT Assembly
Surface Mount Technology (SMT) uses an assembly process in which the
components are soldered to the board. In contrast to conventional through-hole
technology processes, the SMT components are placed directly on the surface of a PCB
19

instead of being soldered to a wire lead. By eliminating the need for leads inserted
through-holes in the board, several advantages are developed:
(1) Smaller components can be made with closer leads
(2) Packing densities can be increased
(3) Components can be mounted on both sides of the board
(4) Smaller PCBs can be used
(5) Drilling of through-holes is eliminated during board fabrication
The areas that SMT components used on the board’s surface typically range from
20% to 60% compared to through-hole components.
The limitations of SMT are:
(1) Surface mount components are more difficult to handle and assemble by
humans because of smaller size;
(2) Much more expensive than leaded components;
(3) Inspection, testing and rework of the circuit assemblies are more difficult.
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1.8.1 Assembly Process

Figure 19. SMT Assembly Process Flow [17]
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Step 1: Applying Soldering Paste
Applying soldering paste is one of the first steps in the SMT assembly process. The
soldering paste is "printed" on the boards using the silk-screen method. Depending on the
design of the board, different stainless-steel stencils for "printing" the paste onto the
board and various product-specific pastes are used. After the paste is on the boards, a 2Dsoldering paste inspection is performed to ensure that the paste is evenly and correctly
applied. Once the accuracy of the soldering paste application has been confirmed, the
boards are transferred to the SMT assembly line, where the components are soldered. [18]
Step 2: Component Placement and Assembly
The electronic components to be assembled come in trays or reels, which are then
loaded into the SMT assembly machine. During the loading process, intelligent software
systems ensure that components are not inadvertently switched or misloaded. The
machine then automatically removes each component with a vacuum pipette from its tray
or reel and places it in its correct position on the board. After the SMT assembly is
completed, the boards are moved on to the reflow ovens for soldering.
Step 3: Component Soldering
The reflow-soldering process is used for series production orders. During this
process, the boards are placed in a nitrogen atmosphere and are gradually warmed up
with heated air until the soldering paste melts and the flux vaporizes, which fuses the
components to the PCB. After this stage, the components become permanently affixed to
the board after cooling off, which completes the SMT assembly process.
Addition: Automatic Optic Inspection (AOI) und Visual Check
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In order to ensure the quality of the assembled boards, AOI visual inspections are
performed. The AOI system automatically checks each board and compares the
appearance of each board with the correct, pre-defined reference image using several
cameras. In case deviations are identified, the machine informs the operator of the
potential problem, who then corrects the mistake or removes the board from the machine
for further inspection. The AOI visual check ensures consistency and accuracy in the
SMT assembly production process. [18]
1.9 Reflow-Soldering
Reflow-soldering determines the yield and quality of PCBA (PCB Assembly) to a
very large extent. Generally, the standard reflow-soldering processes consist of four steps:
1. Forced convection
2. Vapor phase
3. Infrared drying (with restrictions)
4. Typical temperature profiles are suitable for board assembly.
During the reflow process, each solder joint has to be exposed to temperatures above
the melting point of solder for a sufficient time to obtain the optimum solder joint quality,
whereas overheating the PCB with its components should be avoided.
Figure 20 shows a general forced convection reflow profile for soldering SMD
package. Table 5 shows an example of the important parameters of such a soldering
profile for tin-lead and lead-free alloys.
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Figure 20. General Reflow Solder Profile
Table 5. Example of Reflow Solder Profile

1.10 Accelerated Life Testing
Traditional life data analysis involves analyzing times-to-failure data obtained under
normal operating conditions in order to quantify the life characteristics of a product,
system or component. To obtain such times-to-failure data may be very difficult or
impossible for many reasons. The reasons for these challenges include the long life times
of today's consumer products, the small time period between design and release, and the
large challenge of testing products that are used continuously under normal conditions.
Given these challenges and the need to observe failures of products to better understand
their failure modes and life characteristics, reliability practitioners have attempted to
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devise methods that force these products to fail more quickly than they would under
normal conditions of use. In other words, the practitioners tried to accelerate their failures.
Over the years, the phrase-accelerated life testing has been used to describe all such
practices.
• Temperature cycling: The accelerated thermal cycling is generally used to compare
the performance of different packages. The test conditions are accelerated by using cycle
times and temperatures over and above what the actual use requires.
• Thermal shock: The thermal shock testing consists of two main types. The first
type is an air chamber in which the specimen is alternately exposed to hot and cold air.
The other type consists of a liquid bath in which the specimen is alternately exposed to
hot and cold liquid.
• Drop: The drop test examines the mechanical integrity of the package and/or
assembly under a mechanical shock. It uses machines to generate shock with such
methods as free fall and elastic rebound. For special (military) purpose products, a
common method is MIL standards half sine shock testing. [19]
• Vibration: The vibration test shakes circuit boards by using sine wave testing to
random wave testing and shock testing, which provides testing that more closely
resembles the actual environment.
1.11 Outline of the Dissertation
This dissertation is divided into the following chapters:
 Chapter 1: Introduction to Surface Mount Technology, package component types,
board substrates, solder paste and SnPb/Pb-free soldering alloys, board finishes,
and SMT processes.
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Chapter 2: Literature review on the lead-free solders development;
microstructural changes of solder joints; and elevated vibration, drop, and
thermal aging effects.

 Chapter 3: Description of the test vehicle, SMT assembly process, and
experimental setup.
 Chapter 4: Description of the data analysis of different solder alloys, different
package sizes, and different surface finishes under aging and thermal cycling.
 Chapter 5: Description of the failure analysis of BGA Component under aging
and thermal cycling.
 Chapter 6: Summary and conclusion.
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Chapter 2
Literature Review
2.1

Introduction
Solder plays a crucial role in the assembly and interconnection of electronic

products. As a joint material, solder provides electronic, thermal and mechanical
continuity. Owing to the realization of the harmful influence of lead on the environment
and human health, many Pb-free solder-alloys have been developed to replace SnPb
solders in electronic applications [20] [21]. [22], [23], [24], [25], [26] and [27]. SAC
solder has been proposed as the most promising substitute for lead-containing solders
because of its relatively low melting temperature, its superior mechanical properties, and
its relatively good wettability.
Several studies performed the thermal-mechanical properties of SAC alloy.
Microstructure evolution and deformation caused by global CTE mismatch between
components and printed circuit boards, and local CTE differences in various phases or
grains in the solder [28] were the two primary factors that reduce package reliability.
Most studies pay attention to the mechanical property change and microstructural
evolution of solder joints subjected to accelerated mechanical test conditions such as drop
and vibration tests. Thermal cycling or thermo-mechanical fatigue testing of solder joints
is very important for the reliability of solder joints. Because of large difference in the
coefficient of thermal expansion (CTE) of the different constituents in the packaged
assembly, stresses and strains vary with temperature leading cyclic strain or inelastic
energy damage and fatigue failure of the solder joints [29]. However, only limited
attention has been paid to the effect of package characteristic lifetime reliability under
long term isothermal aging at elevated temperatures, which is one of the topics in this
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dissertation. The reason is the test has high requirement for the equipment, time period
and labor hours. Most studies also have the limitation of package size and die size
variation. This paper puts real electronic packages, with large deviations in experimental
designs, die sizes, package sizes, ball counts, and pitch sizes as considerable variations.
Furthermore, surface finish effect is less talked about under long term aging/cycling
condition.
2.2 Effect of IMC
2.2.1 General Information
Hosford, et al. and Smallman, et al., [30], [31] found the microstructural
characteristics of an alloy determine its mechanical performance. Therefore,
understanding the microstructural characteristics of the SAC alloy is essential to
understand the mechanical performance and reliability of SAC solder joints.
J.C. Suhling performed the formation of intermetallic compounds between the
primary elements Sn and Ag, and Cu affect all the properties of the SAC alloys.
According to the binary phase diagram shown in Figure 21, there are two possible
intermetallic compounds that may be formed: Ag3Sn forms due to the reaction between
Sn and Ag as shown in Figure 21a and Cu6Sn5 forms due to the Sn and Cu reaction as
shown in Figure 21b [23].
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Figure 21. Binary phase diagram (a) Sn–Ag and (b) Sn–Cu

2.2.2 Effect of Ag3Sn IMC
Shnawah et al. [31] investigated the as-soldered microstructure or initial
microstructure of Sn–xAg–Cu. They found that the microstructures of Sn–xAg–Cu alloy
consisted of a β-Sn matrix with dispersoids of fine Ag3Sn and coarsened
Cu6Sn5 intermetallic compounds (IMCs). They concluded high Ag content SAC solder
(SAC305/SAC405) yields large numbers of Ag3Sn IMC particles and small sizes of
primary Sn grains based on Figure 22. This showed that the number or volume fraction of
the fine Ag3Sn IMC particles in the bulk alloy microstructure of SAC solder alloy tends
to increase with increasing Ag content. On the other hand, low Ag content SAC alloy
(SAC105) gives rise to more primary Sn phase (large Sn grains) and decreases number of
Ag3Sn IMC particles.
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Figure 22. The initial microstructure of Sn–xAg–Cu bulk solders.

Kim et al. [32] reported that the formation of large Ag3Sn could be attributed to the
solder composition, and there was little effect from substrates. They observed large
Ag3Sn for high Ag content solder joints, the shapes of which were dendrite-like and
hopper crystal-like plates. The formation sites of large Ag3Sn plates were at the top of
the interfacial reaction layer and the voids.
Chen et al. [33] showed that three types of Ag3Sn compounds during solidification
at different cooling rates are found to be particle-like, needle-like and plate-like. If large
Ag3Sn plates form at the stress concentration region, cracks can initiate and propagate
along the interface between the Ag3Sn and the solder, which deteriorate the reliability of
solder joint. However, Anderson et al.[34] indicated fine Ag3Sn precipitates can pin the
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grain boundaries in the solder, stabilize the microstructure and strengthen the matrix.
Ag3Sn particles could be evenly distributed among the eutectic or along the Sn-rich phase
boundary in SnAgCu systems.
In Tsai et al.’s research work, [35] the Ag3Sn and Cu6Sn5 IMC particles possess
much higher strength than the bulk material in SAC alloy, while primary Sn has the
lowest elastic modulus and lowest yield strength among the constituent phases in SAC
solder, which is provided by Daewoong et al.[36] . Fine IMC particles in the Sn matrix
can therefore strengthen the alloys.
2.2.3 Effect of Cu-Sn IMC
Cu is extensively used as the contact metallization in conventional electronic
assemblies particularly on printed circuit boards (PCBs) and increasingly as the
interconnection layer on semiconductor devices in electronics industry, while Sn-based
alloys are universally used as interconnection materials [37], [38] and [39]. The resulting
Cu–Sn intermetallic compounds formed during soldering process shows an important role
in the wettability of solders [40].
The intermetallic layer appears to be comprised of two compounds of different
compositions. Zhang et al. [41] presented the research work with SnAgCu solder and
bare Cu substrates of reaction couples aged at 125 °C for different aging times. They
found the accelerated growth of the intermetallic compound layer with the aging time
during isothermal aging. Binary intermetallic compound layers were formed at the solder
joints on copper substrate. Cu6Sn5 forms first at the interface under thermal condition for
SAC solder. Cu3Sn will form later between Cu and Cu6Sn5 by solid-state reaction to
satisfy the requirements of local equilibrium. In their EPMA analysis results, the planar
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intermetallic layer next to the solder possesses a composition (at.%) of Cu:Sn = 6.1:5,
which corresponds to the Cu6Sn5 phase. The composition of the intermetallic layer next
to the copper is Cu:Sn = 3:1, which corresponds to the Cu3Sn phase.
Tu and Thompson [42] propose that the growth rate of Cu6Sn5 in bimetallic Cu–Sn
thin film is linear, and the reduction rate of Cu6Sn5 due to the growth of Cu3Sn is
parabolic. Formation of the intermetallic compound (IMC) layers at the interface is an
indication of good bonding between solder and the metal pad. However, Gan et al.
investigated excessive intermetallic growth and the brittle nature of the intermetallic layer
can be detrimental to the mechanical reliability of the joint [43].
Moreover, recent investigations [44],[45] and [46] had reported that the growth of
Cu–Sn IMC layer had a degraded effect on the solder joint reliability, with increasing
thickness of the Cu–Sn IMC layer, the thermal fatigue life, tensile strength and fracture
toughness of solder joints will decrease. As a result, the interfacial reaction may be
directly related to the solder joint reliability in the electronic package.
2.2.4 Effect of IMC Thickness Growth
Generally, the thickness of the IMC layer at the interface between the solder and
substrate is very important in determining the reliability of the whole package because an
excessively thick IMC layer is sensitive to stress and sometimes provides initiation sites
and paths for the propagation of cracks. Therefore, as the growth of the IMC layer could
degrade the reliability of the solder joint, it is essential to study the formation and growth
of the IMC layer. [47]
Trend 1: IMC layer
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Ramkumar et al. [48] gave the intermetallic compounds growth maps for five
different finishes on lead-free 0201 (L 0.02 in.; W 0.01 in.) package. The test condition
is isothermal aging at 150 °C up to 500 h. It showed the average IMC thickness with
ENIG finishes slightly growing during aging due to the nickel barrier of the IMC layer
only. (Figure 23)

Figure 23. Intermetallic growth with isothermal aging

Trend 2:
For the IMC layer growth, Zhang et al. [45] showed the reaction happened inside of
Cu3Sn/Cu6Sn5 IMC. They presented an equation:
Cu6Sn5 + Cu → Cu3Sn
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This explained that the interfacial reaction happens after Cu atoms arrive at the
interface of Cu3Sn/Cu6Sn5 by diffusion through the grain boundaries of the Cu3Sn layer.
By this reaction, Cu6Sn5 is converted to Cu3Sn at the interface.
2.2.5 Effect of IMC with different Surface Finish
Berthou et al. and Pang et al. [49] illustrated that the composition of the IMC layer
depends on PCB finish. For ImSn, a first layer Cu6Sn5 intermetallic is formed at the
PCB/solder joint interface. Then, during aging a second layer of Cu3Sn is formed at the
IMC layer/PCB interface, which reduces the mechanical behavior of the solder joint. For
ENIG finish, the IMC layer is of CuSn type with a small proportion of nickel: layer (Ni,
Cu)6Sn5. The nickel layer will act as a diffusion barrier by preventing the formation of the
Cu3Sn layer. Phosphorus is also present, due to the process deposition of the nickel layer.

Figure 24. IMC Layer of ENIG (a) and ENEPIG (b)

2.2.6 Effect of Sn Recrystallization
Berthou et al. [49] performed an accelerated thermal cycling test for Chip resistors
1206 and BGA with SAC305 solder. The cycling temperature was −55/+125 °C, with
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ramp and dwell time of 20 min. Cross-sections were performed in accordance with the
failure analysis method, atT = 0, 500, 750 and 1000 thermal cycles. The evolution of the
microstructure was observed on BGA SAC solder ball after 1000 thermal cycles. An
observation with cross polarized light permits to see the recrystallization of the Sn macrograin into small Sn grains (Figure 25).

Figure 25. Sn grain boundaries under cross polarized light, zone (1) and (2).

In the paper, they proposed the evolution of SAC solder joint in thermo-mechanical
fatigue in Figure 26.

Figure 26. Recrystallization
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Creep/stress relaxation is accompanied by a recrystallization phenomenon. In step
(1), the dendritic structure is fine and regular with polarized light microscopy, so it is
possible to see the number of dendrite (β-Sn phase) groups having the same
crystallographic orientation.
(2) The number of tin macro-grains is higher than in the first step, and the dendritic
structure is rougher.
(3) The crack initiates along these Sn grain boundaries.
(4) Finally, the crack propagates through the recrystallized zone along tin grain
boundaries until electrical opening in solder joint. [50-55]
2.3 Drop Test Effect for ENIG, ENEPIG finishes
Ha et. al. [56-57] studied the effects of different PCB surface ﬁnishes, as ENIG and
ENEPIG, after reﬂow and thermal aging (1,000h at 125oC). In this study, they used Sn3.0Ag-0.5Cu BGA balls with a diameter of 450mm and a rigid PCB (FR-4), which is an
SMD (Solder Mask Deﬁned) type board. The drop test board was fixed to the drop table
of the drop tester (SD-10, LAB, USA) at each corner with the mounted packages facing
downward, following JESD22-B111. The drop table was then released at a certain height
and dropped freely to impact on the strike surface repetitively, each time creating a halfsine impact acceleration pulse with a peak acceleration of 900G (1G =9.81 m/s) and an
impact duration of 0.7ms (Figure 27). The drop test condition corresponded to the
JEDEC drop test condition F. When the resistance increases by more than 100ohms from
the initial resistance at the time of shock and results in 0ohms, it is then regarded as a
failure. Moreover, when such an increase in resistance is observed at least 3 times out of
5 in the shock test, it is regarded as a failure.
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Figure 27. Drop Test Setup

See Figure 28 for the results of the drop test. The ENEPIG board has greater
reliability after reﬂow than the ENIG board and shows excellent characteristics under all
conditions after thermal aging. The ENEPIG board is least sensitive to temperature and
therefore shows better reliability before and after thermal aging. Moreover, Figure 28
illustrates that the Pd layer causes the ENEPIG board to have greater reliability in the
drop test than the ENIG board, because of its superior characteristics.
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Figure 28. Weibull Life Time Analysis

2.4 Vibration Test for ENEPIG/ImAg Finishes
Surface finishes are used to preserve and promote solderability of exposed copper
metallization on printed wiring boards [58-60]. In Menoon et. al.‘s study [61], the
durability of solder interconnects that are formed between BGAs and ENEPIG finished
pads using SnPb and SAC305 solders under harmonic vibration loading is examined.
ENEPIG test specimens with two thicknesses of palladium were evaluated (Table 6).
Isothermal preconditioning levels at 100°C for 24hrs and 500hrs were included to
evaluate the impact of intermetalic evolution on the durability of the soldered
interconnects. Tests specimens created with immersion silver (ImAg) finished printed
wiring boards were also included for comparison. The failure data found that the
durability of interconnects formed with ENEPIG finish has comparable or better
durability than the durability of interconnects formed with ImAg finish irrespective of the

38

solder. The tests indicate that the use of a thicker palladium layer reduced the degradation
in durability that occurred from isothermal aging.
Table 6. Test Vehicle Surface Finish

The cycles to failure were estimated by multiplying the time to failure with the
measured cyclic frequency. The cycles to failure data were fit to 2-Parameter Weibull
distributions to obtain characteristic life (η) and shape parameter (β). These Weibull
results are shown in Table 7. The characteristic lives for the ImAg and the ENEPIG
samples were similar in the case of the SnPb solder. However, in the case of the SAC305
solder, the characteristic lives of the ENEPIG samples exceeded those of the ImAg
samples. This drop may be due to the gold or palladium impacting the formation of the
interfacial IMC layer and changes to the bulk solder. The drop in characteristic life with
increased aging time was more significant in the ENEPIG finish with the thinner
palladium layer [62].
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Table 7. Weibull Parameters (a) SnPb Solder (b) SAC 305 Solder

(a)

(b)
2.5 Thermal Aging and Cycling
A wide variety of SAC solders containing different levels of Ag has been studied
and is currently in use for a wide range of applications in the electronics industry.
Henshall et. al. [63] concluded that the content level of Ag in SAC solder alloys is of
advantage or disadvantage depending on the requirements of application, package, and
reliability. Syed et. al. [64] mentioned the best level of Ag content for drop performance
is not necessarily the best level for optimum temperature cycling reliability. Hence, the
40

SAC alloys are limited in their potential applications in the portable electronic products
in which thermal cycling and drop/impact are the primary requirement for board level
solders joint reliability. [65]
Shnawah et al. [31] evaluated the SAC105 and SAC305 solder ball joints for BGA
interconnections under temperature cycling and drop impact tests (Figure 29). The data
indicated that lower Ag content solder balls perform better under drop impact loading
conditions, while temperature cycling reliability suffers as Ag content decreases. In other
words as also seen in Figure 29a, SAC105 solder balls showed better performance than
SAC305 under drop loading conditions. However, the trend is reversed for temperature
cycle test (Figure 29b).

Figure 29. (a) Drop impact test and (b) Temperature cycling test.
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Chapter 3
Test Introduction
3.1

Introduction
Lots of studies [34-65] demonstrate that Pb-free solder reliability undergoes

significant changes over time, which leads to our studies here of the effect of aging on
Pb-free solder reliability. Drop and vibration tests were conducted by many researchers.
Isothermal aging effects on lead-free solders have been extensively investigated and
showed aging effects significantly degrade the mechanical properties of lead-free solders.
However, limited work has been done on the effects of aging on board-level thermal
performance of lead-free solder; limited studies have been done on the different surface
finishes for various packages. Aging effect on different most popular SAC105 and
SAC305 with ENIG and ENEPIG finishes is still unknown; limited work were studied
the reliability for long reliability >=6 months; limited work were studied to analysis the
different acceleration factors of the reliability on aging effects and the trends of aging on
different package designs. In order to break through those limitations, the TV-7 research
project was introduced. In previous studies, Zhang, et al. [66-71] concluded that a direct
and deleterious effect on packaging reliability results during long-term isothermal aging
for fine-pitch ball grid array (BGA) packages with Sn-1.0Ag-0.5Cu (SAC105), Sn3.0Ag-0.5Cu (SAC305), and Sn-37Pb solder ball interconnects.
The purpose of this work is to discover the role of isothermal aging on the reliability
of Sn-Ag-Cu (SAC) assemblies. Different surface finishes mixed with various types and
sizes of packages were employed in our test vehicles. A full experiment matrix with
varying aging temperatures and solder alloys was considered, followed by accelerated
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thermal cycling to generate Weibull plots showing how the package reliability depends
on aging time and temperature.
3.2

Test Vehicle Design and Assembly

3.2.1 Test Vehicle
The assembled test vehicle is shown in Fig. 30. The assembly test boards were fourlayer FR-4 glass epoxy PCBs with dimensions 100.076 x 67.056 mm having a glass
transition temperature (Tg) of 170oC. Each test board was populated with 5x5mm,
10x10mm, 15x15mm, and 19x19mm, 7×7mm CSP, 5×5mm MLF and a series of 2512
resistors.

Figure 30. Test vehicle.

The boards in the test used non solder mask design (NSMD) pads for easier analysis
of aging on the reliability. The Sn termination resistors (passive devices) measured 6.3
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mm x 3.2 mm. Industry-standard naming conventions of resistor sizes described the
length and width of its body in hundredths of an inch. The resistors used in this research
are thus referred to as 2512. They were mounted in banks of five resistors placed in series.
All test components provided by Practical Components were daisy chained for
continuous sampling of component reliability through the accelerated life tests. The detail
information of components is listed as Table 8.
Table 8. Component Matrix

3.2.2 Surface Finish
To help identify the board with different finishes, we apply two different colors for
the PCB board. The green one is ENIG, the red one is ENEPIG (Figure 31).

Figure 31. ENIG (Left) and ENEPIG (Right)
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Rutherford Backscattering Spectroscopy (RBS) is conducted for ENIG and ENEPIG
to measure the thickness of metallic layers, see Figure 32. The ENIG finish consists of
two metallic layers: a thin gold coating over the thicker nickel coating deposited via
electroless process directly onto the PCB copper pad. The additional 0.15 um of Pd layer
from ENEPIG improves the wettability and acts as a diffusion barrier [66-67].

Figure 32. RBS Analysis for ENIG and ENEPIG
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3.2.3 Solder Paste and Stencils
No-clean-type 3-Kester 256 paste (Sn-37Pb) and SAC 305 solder paste were the two
main solder pastes we selected for testing. For the lead-free test vehicle, the components
were built onto the PCB with no clean Senju305 M31-GRN360-k1MK-V (Table 9).
Table 9. Lead-free Solder Paste Parameters

We applied the E-FAB Electroform stencil for our test, the thickness of which is
0.115 mm (0.0045 in). The solder paste print machine used was MPM UP2000 HiE.

Figure 33. Printing Machine

46

3.2.4 SMT Assembly Processes
All the test vehicles were fabricated in Continental AG – Huntsville Electronics
Division. Before assembly, there is a 12 hour “bake out” process in an oven at 150 ℃ to
remove moisture and prevent damage to the components during reflow. The stencil and
the PCB were positioned in the screen printer and the solder paste was pressed through
the stencil with a rubber squeegee. The board was transferred out and inspected for
correct alignment of the solder paste to the PCB pad sites.
Next, the PCBs were put into two placement machines: Assembleon MG-1 and
Universal GSM-1. MG-1 used a tape and real feeder to place small components: resistors,
5mmBGA, MLF, CSP and 10mmBGA; GSM-1 used a tray feeder to pick and place
15mm BGA and 19mm BGA components. Once the machine stared to receive boards,
the programmed algorithm began and all the electronic components were picked and
placed onto the test vehicle in order. The board was then checked again in case of skewed
package placement.

Figure

34

shows the

manufacturing lab.
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Continental Electronics prototype

Figure 34. The Continental Electronics prototype manufacturing lab

Figure 35 shows the 13-zone Rehm V7 convection reflow oven used for reflow. The
oven supplies a nitrogen gas environment during reflow and has a conveyor speed of 33.5
inch/min. The temperature was monitored and the SAC alloys melting temperature was ~
217 oC. The peak temperature was 245–247 oC for PBGAs and 252 oC for resistors. The
time duration for PBGAs in the oven above the melting point was around 52 to 55
seconds, and 61 seconds for resistors. In the Sn-37Pb assemblies’ thermal profile, the
peak temperature of PBGAs was between 224 to 229 oC. Resistors had a peak
temperature of 231 oC. The time duration for PBGAs in the oven above the melting point
was around 60 to 65 seconds, and 67 seconds for resistors. By comparing two processes,
there was a difference of 21 oC in the peak temperature of PBGAs [68]. The Pb-freereflow profiles used for the assembly are shown in Figure 36.
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Figure 35. Reflow Oven

Figure 36. Reflow Profile (X-axis: Time-Second; Y-axis: Temperature-Celsius)
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Figure 36 maps the reflow profile. The conveyor speed is 26.0 inch/min. Preheat
temperature is from 35-155oC at the time period 0-100 seconds. Soak time is from 155175oC at the time period 100-200 seconds. The low limit of peak temperature is 235oC.
And the high limit of peak temperature is 245oC. The total time above SAC melting
temperature 217 oC is about 90 seconds.
3.2.5 Inspection Test Vehicle
A transmission X-ray tomography system was used to inspect the quality of the
solder joints in the assemblies. This type of system is good for detecting problems such as
insufficient solder, solder ball bridging, pad skewing, and voids in joints.[69] Figure 37
shows a couple of cases of pad skewing and solder bridging and how they would look in
such a system. We found very few cases of misaligned assembly.

Figure 37. Skewed Pad on the Left and Solder Bridging on the right

3.3

Thermal Test

3.3.1 Test Matrix and Test Conditions
The test vehicles were grouped in time periods of 0, 6, and 12 months and subjected
to 125oC aging temperature. The full matrix is shown in Tables 10. Our thermal testing
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design followed mainstream industry standards recommended by the Institute for
Interconnecting and Packaging Electronic Circuits (IPC) and the Joint Electron Device
Engineering Council (JEDEC).[70] For the thermal cycling reliability test, thermal
cycling (TCT) was carried out from -40oC to 125 oC per JEDEC JESD22-A104BCondition G. All tests were set for a 15 min dwell time and 30 min ramp time thermal
profile, shown in Figure 38.
Table 10. Test Plan

Figure 38. Thermal Cycling Profile
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3.3.2 Data Acquisition System
The boards were placed vertically in the accelerated thermal cycling furnace and
wired to a switch scanning system which allows for continuous monitoring of the various
daisy chain networks was throughout the cycling using a high accuracy digital multimeter
coupled with a high performance switching system controlled by LabView software.
Based on IPC-9701, the practical definition of solder joint failure is an interruption of
electrical continuity > 1000 Ohms. In this study, failure was defined to be the point when
the daisy chain resistance was > 300 Ohms for five repeated resistance measurements.
[71] Figure 39 shows the schematic design of the monitoring system.

Figure 39. Schematic Design of the Monitoring System

3.4 Failure Analysis
All samples for microscopic examination were cross-sectioned and polished with
SiC polishing paper (240, 320, 400, 600, 800, 1200), followed by 0.1um and 0.05um
micron diamond suspension fine polishing. [72]After polishing, a thin gold or carbon
film was sputtered on the surface of samples for the prevention of electrical charging
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during SEM observation. SEM and energy dispersive X-ray spectroscopy (EDX) was
used to investigate the microstructure of the joints.
The back-scattered electron (BSE) imaging mode was used in most of the electron
micrographs to highlight the various microstructural features in the solder joints. Figure
40 demonstrated the schematic explanation of SEM functions. SEM uses a focused beam
of high-energy electrons to generate a variety of signals at the surface. When the primary
electron beam interacts with the specimen, the electrons lose energy within an absorption
volume known as the interaction volume. Its size depends on the electron beam energy,
the atomic number of the material, and the specimen density. The secondary electrons
generated through the electron-surface interaction are collected by a scintillator,
photomultiplier, and head amplifier detector system and directed to a cathode-ray tube
monitor and/or digital image system.

Figure 40. (a): SEM schematic showing the ion attack to release surface ions; (b): SEM
schematic for beam signal

EDX is used with the SEM to acquire the elemental composition of the thin film
and/or solder material. EDX rests upon the fact that each element has a unique atomic
structure which emits distinctive X-rays after electron irradiation. The primary electron
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beam possesses sufficient energy to ionize a core level of the target atom, which
subsequently relaxes by an electron transition from an upper energy level to the vacated
level. In the process, X-ray energy of a distinctive energy is emitted and detected by the
X-ray detector in the SEM. Since each atom has a unique set of energy levels, the
spectrum of X-ray energies allows determination of the elements in the absorption
volume [72].
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Chapter 4
Reliability Data Analysis
The failure life of electronic packages is characterized with a Weibull distribution.
The characteristic life (η) is the point (i.e. number of cycles) at which 63.21% of the
population is expected to fail. The slope (β) of the Weibull distribution distinguishes
different classes of failure modes. The least squares method estimates the characteristic
life and slope of the Weibull distribution. The r2 value indicates the quality of the data fit.
4.1 Data Analysis of Aging Effect
The list of Weibull plots below generally depicted the reliability performance of
19mm, 15mm, 10mm, and 5mm BGA package subjected to 24 months 125oC aging.
a)

Immersion Ag, SAC 305

(a)
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(b)

(c)
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(d)
Figure 41. Weibull Plot for up to 24 Month Aging at 125°C for Immersion Ag, SAC305 BGA with
Various Package Size: (a) 19mm, (b) 15mm, (c) 10mm and (d) 5mm.

As Figure 41 shows, after aging at 125oC for 6 month, 12 month and 24 month, the
characteristic lifetime for 19mm SAC305 solder on ImAg drops from 4719 to 2990, 2216
and 1980 cycles respectively. The characteristic lifetime for 15mm SAC305 solder on
ImAg drops from 3743 to 2083, 1884 and 1516 cycles. The characteristic lifetime for
10mm SAC305 solder on ImAg drops from 3329 to 1740, 1551 and 1338 cycles. The
characteristic lifetime for 5mm SAC305 solder on ImAg drops from 5171 to 3209, 3012
and 2617 cycles. The thermal cycling test profile was set to run with a 15 min dwell time
and 30 min ramp time with the temperature from -40oC to 125oC.
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b)

Immersion Ag, SAC 105

(a)

(b)
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(c)

(d)
Figure 42. Weibull Plot for up to 24 Month Aging at 125°C for Immersion Ag, SAC105 BGA with
Various Package Size: (a) 19mm, (b) 15mm, (c) 10mm and (d) 5mm.
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As Figure 42 shows, after aging at 125oC for 6 month, 12 month and 24 month, the
characteristic lifetime for 19mm SAC105 solder on ImAg drops from 2559 to 1214, 1124
and 1067 cycles respectively. The characteristic lifetime for 15mm SAC105 solder on
ImAg drops from 2926 to 1429, 1325 and 1106 cycles. The characteristic lifetime for
10mm SAC105 solder on ImAg drops from 2419 to 1116, 1079 and 944 cycles. The
characteristic lifetime for 5mm SAC105 solder on ImAg drops from 4841 to 2384, 2269
and 2021 cycles. The thermal cycling test profile was set to run with a 15 min dwell time
and 30 min ramp time with the temperature from -40oC to 125oC.
Table 11. Characteristic Life for BGA for Different Aging Times (aging at 125°C; M = months)

Figure 43. Characteristic Life Time for BGA for Different Aging Times
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From Figure 41, 42, 43 and Table 11, we could easily find the Weibull characteristic
lifetime is dramatically reduced during isothermal aging at 125oC for SAC105/305 on a
variety of package sizes.
Table 12. Degradation Rate of Each Aging Group (M = months)

Table 13. Degradation Rate Differences with Aging Time (M = months)

The degradation rate for all tested alloys/pitch sizes is shown in Table 12.
Differences between the degradation rates with aging time are shown in Table 13. From
Table 13 we conclude that for each of the aging groups, during the first time period of 6
months the components reliability degrades in a very fast rate (over 50%). With
additional aging time after 6 months, however, the degradation rate becomes slower and
slower (< 10%) and eventually may approach an asymptotic value.
4.2 Data Analysis of Package Size Effect
Different Package Size BGA components have different reliability performances. In
our test, the 19mm and 15mm BGAs have a pitch size of 0.8mm, while the 10mm and
5mm BGAs have a 0.4mm pitch size. The ball diameter for 19mm BGA is 0.38mm; for
15mm it is 0.36mm; for 10mm it is 0.18mm; and for 5mm it is 0.20mm. The 19mm,
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15mm, and 10mm BGAs have a perimeter ball alignment, while 5mm BGA have full
array ball alignment.
Table 14. Characteristic Life Time for Immersion Ag, SAC305 BGA with Different Package Sizes

Figure 44. Degradation Chart for Immersion Ag, SAC305 BGA after Aging at 125oC with Varying
Package Sizes.

Table 14 and Figure 44 disclose that, for perimeter ball alignments, the 19mm and
15mm BGAs always have higher characteristic lifetimes than the 10mm, which shows
that packages with large solder balls have higher reliability. On the other hand, the 5mm
BGA has the highest characteristic life, indicating that packages with full array ball
alignments perform better than perimeter ball alignments under high temperature aging +
thermal cycling conditions. This may suggest that the full array ball alignment has higher
structural stability from the mechanical point of view, so that solder balls can endure
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severe changes of stress and strain during thermal fatigue caused by CTE mismatches.
However, there are lots of reasons could cause this, such as die/package size ratio, solder
ball/pad structure, ball alignment and so on. Since there are a lot of variations for this test,
further research are necessary to demonstrate the effect of ball alignment with same die
size, package size and pitch size. I suggest running the ball alignment test for 15mm and
5mm with same die/package ratio and the ball alignment test for 5mm with different die
size in the next step.
4.3 Data Analysis of Pb-Free Effect

(a)
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(b)

(c)
Figure 45. Weibull Plot for 10mm BGA Package on ENIG Plating after Aging at 125oC (a) SnPb
(b) SAC105 (c) SAC305
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(a)

(b)
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(c)
Figure 46. Weibull Plot for 10mm BGA Package on ENEPIG Plating after Aging at 125oC (a)
SnPb (b) SAC105 (c) SAC305

Table 15. Characteristic Life Time for SnPb, SAC105 and SAC305 BGA with 10mm package size
and ENIG, ENEPIG Plating after Aging at 125oC
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Figure 47. Characteristic Life Time for SnPb, SAC105 and SAC305 BGA with 10mm package
size and ENIG, ENEPIG Plating after Aging at 125oC

From Figure 46, 47 and Table 15, we could find that for 10mm BGA packages with
ENIG or ENEPIG finished, the ranking of life time performance with thermal aging and
cycling is that: SAC 305 > SAC 105>SnPb.
According to Zhou Hai and Jiawei Zhou’s previous research work, Ag3Sn IMC
reduces/redirects the crack growth which results in enhanced joint structural strength.
This helps to explain the superior thermal fatigue performance of SAC305 (higher Ag
content material) than SAC105.
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(a)

(b)
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(c)
Figure 48. Weibull Plot for 15mm BGA Package on ENIG Plating after Aging at 125oC (a) SnPb
(b) SAC105 (c) SAC305

(a)
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(b)

(c)
Figure 49. Weibull Plot for 15mm BGA Package on ENEPIG Plating (a) SnPb (b) SAC105 (c)
SAC305
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Table 16. Characteristic life comparison (η) for SnPb, SAC105 and SAC305 BGA with 15mm
package size and ENIG, ENEPIG Plating

Figure 50. Characteristic life comparison (η) for SnPb, SAC105 and SAC305 BGA with 15mm
package size and ENIG, ENEPIG Plating

From Figure 48, 49, 50 and Table 16, we could conclude that for 15mm BGA
packages with ENIG or ENEPIG finished, the ranking of life time performance with
thermal aging and cycling is that: SAC 305 > SAC 105>SnPb in most cases, except
ENIG no aging group.
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4.4 Data Analysis of Surface Finish Effect

Figure 51. Characteristic life comparison (η) for 10mm BGA finished with ENIG, ENEPIG &
ImAg subject to 125oC/12 months aging.

Figure 52. Characteristic life comparison (η) for 15mm BGA finished with ENIG, ENEPIG &
ImAg subject to 125oC/12 months aging.
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Based on the Weibull characteristic life (η), Figures 51 and 52 give a comparison of
the reliability performance among ENIG, ENEPIG & ImAg board side surface finishes
for 15mm packages (0.8mm pitch) and 10mm packages (0.4mm pitch) at 125oC aging. In
most cases, the rank of the characteristic lifetimes for both SAC105 and SAC305 with
different surface finishes after aging can be ordered as: ENIG> ENEPIG> ImAg. The
data suggests that ENIG is the best surface finish for applications involving long-term
isothermal aging. ENEPIG ranks second, followed by ImAg. To better illustrate, we
provide more detailed analysis for the 15mm package.
No Aging Group of 15mm Package:
For SAC105, the characteristic lifetime is reduced from 3684(ENIG) to 2926(ImAg),
which is a 20.6% degradation. For SAC305, the characteristic lifetime is reduced from
3875(ENIG) to 3595 cycles (ENEPIG) which is a 7.2% degradation. In this non-aged
case, ENIG has a longer lifetime than ENEPIG/ImAg when applied on either SAC105 or
SAC305.
Aging Group of 15mm Package (6 months & 12 months):
For SAC105, the characteristic lifetime with ENIG is 2895 cycles, which is twice
the life of ImAg after aging at 125oC for 6 months. For SAC305, the characteristic
lifetime with ENIG is 3094 cycles, which is 1.5 times the life of ImAg. The degradation
of characteristic lifetime spanning the surface finishes is 50.1% for SAC105 and 32.7%
for SAC305. For the 12 month aging data, the Weibull characteristic lifetime for SAC
105 dropped 46.2% and, for SAC305, the degradation was 29.3%.
Generally, the thickness of the IMC layer at the interface between the solder and
substrate is very important in determining the reliability of the whole package because an
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excessively thick IMC layer is sensitive to stress and sometimes provides initiation sites
and paths for the propagation of cracks. [73] [74] Therefore, as the growth of the IMC
layer could degrade the reliability of the solder joint. In the case of the ENEPIG surface
finish board, the IMCs formed at the interface are composed of (Cu,Ni)6Sn5 and
(Ni,Cu)3Sn4, as in the case of the ENIG board. Randy Schueller [75] presented the report
that nickel served as a barrier layer to copper, though Ni could eventually also diffuse to
the surface of gold and cause the same. This may help explain that ENIG and ENEPIG
perform better than Immersion Ag.
According to Sang-Su Ha’s research work [76], the Pd layer may control the
diffusion of Ni at the time of the reaction between Ni and Sn in the solder and then the Prich Ni layer and IMCs are formed to a limited extent after reflow. In other words, little
Ni participated in the Cu-Ni-Sn IMC reaction and, thus, a thin P-rich Ni layer is formed.
In the case of the 10mm no aging group, the Pd layer may act as a diffusion barrier to the
interfacial growth of the IMC.

Figure 53. Characteristic life comparison (η) for 10mm BGA soldered with SAC105 & SAC305
subject to 125oC/12 months aging.
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As Figure 53 shows, after aging at 125oC for 6 months, the characteristic lifetime for
10mm SAC305 solder on ENIG, ENEPIG and ImAg drops from 3974, 4661, 3329 cycles
to 2894, 2635, and 1740 cycles respectively. And further, it reduced to 2671, 2536 and
1551 cycles subjected to 125oC aging for 12 months.

Figure 54. Characteristic life comparison (η) for 15mm BGA soldered with SAC105 & SAC305
subject to 125oC/12 months aging.

As Figure 54 shows, after aging at 125oC for 6 months, the characteristic lifetime for
15mm SAC305 solder on ENIG, ENEPIG and ImAg dropped from 3875, 3595, 3743
cycles to 3094, 2253, and 2083 cycles respectively. And further, it reduced to 2663, 2018
and 1884 cycles subjected to 125oC aging for 12 months.
Figures 53 and 54 provide a comparison of the reliability performance between
SAC105 and SAC 305 for the 15mm package (0.8mm pitch) and 10mm package (0.4mm
pitch) subject to 125oC aging. We conclude that SAC305 solder performs better than
SAC105 in all cases, and illustrates the risk in using SAC105 solder balls in applications
where thermal fatigue failure is a concern.
75

Table 17. Degradation Rate Comparison for 10mm BGA Package after Aging

Figure 55. Degradation Rate Comparison for 10mm BGA Package after Aging
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Chapter 5
Failure Analysis
5.1 IMC Analysis
Previous studies from Zhou et. al found the thickness of the IMC layer at the
interface between the solder and substrate is very important in determining the reliability
of the whole package. Formation of the intermetallic compound (IMC) layers at the
interface is an indication of good bonding between solder and the metal pad. However, an
excessively thick IMC layer is sensitive to stress and sometimes provides initiation places
and paths for the propagation of cracks. Thus, it is essential to study the formation and
growth of the IMC layer, as the growth of the IMC layer could degrade the reliability of
the solder joint.
5.1.1 IMC Properties
Prior investigations in many laboratories have shown that the continuous growth of
interfacial intermetallic compound (IMC) during isothermal aging strongly influences
fatigue solder failures. As the brittle intermetallic layer consumes a larger fraction of the
solder ball, cracks propagate along them, causing solder joint cracking and eventual
failure under the high strain due to CTE mismatches. [77][78]
In Figure 56 and 57, large, plate-like Ag3Sn phases are found regularly in SAC305
solder joints subject to isothermal aging alone, which is due to its higher Ag content.
Zhang et. al observed that coarsened Ag3Sn IMC reduces/redirects the crack growth
which results in enhanced joint structural strength. This helps to explain the superior
thermal fatigue performance of SAC305 (higher Ag content material) than SAC105.
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Figure 56. SAC305 solder joint on ENIG, no aging, BSE imaging.

Figure 57. Plate-Like Ag3Sn on 15mm SAC305 solder joint with ENIG, 6 month aging, BSE
imaging
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For the SAC solder immersion with Ag, a first layer Cu6Sn5 (η-phase) intermetallic
is formed at the board/solder joint interface. Then, a second layer of Cu3Sn (ε-phase) is
formed at the IMC layer/board interface during aging which reduces the mechanical
behavior of the solder joint. After the Cu atoms arrive at the interface of
Cu3Sn/Cu6Sn5 by diffusion through the grain boundaries of the Cu3Sn layer, the
following interfacial reaction happens:
Cu6Sn5 + Cu → Cu3Sn
By this reaction, Cu6Sn5 is converted to Cu3Sn at the interface [88].
For ENIG/ENEPIG finishes, as figure 58 shows, in the interfacial reaction between
the Ni layer and SAC 105 /SAC 305, ternary IMCs consisting of Cu, Ni and Sn are
observed. In our test, all components are finished with ENIG on the package side.

(a)
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(b)
Figure 58. IMC Layer of 10mm SAC105 solder joint finished with ENIG at Package Side (a) and
Board Side (b).
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Element

Weight%

Atomic%

Ni K

10.15

16.61

Cu K

16.25

24.56

Sn L

71.42

57.78

Au M

2.17

1.06

Totals

100.00

Figure 59. Package side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENEPIG, 6 months
aging.

In SAC/ENIG/ENEPIG systems, the IMC layer is of Cu-Sn type with a small
proportion of nickel: (Ni,Cu)6Sn5 and (Ni,Cu)3Sn4. The nickel layer in ENIG/ENEPIG
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systems acts as a diffusion barrier which inhibits Cu dissolution into the solder to ensure
better reliability. It is expected to find a small fraction of Au in the IMC zone. [79]

Element

Weight%

Atomic%

Ni K

8.22

13.78

Cu K

15.86

24.57

Sn L

71.87

59.62

Au M

4.05

2.03

Totals

100.00

Figure 60. Board side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENEPIG, 6 months
aging.
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Figure 60 shows all the elements found at the board side. The percentage of
elements is similar to the package side in Figure 59.

Element

Weight%

Atomic%

PK

1.93

5.46

Ni K

20.21

30.13

Cu K

13.25

18.25

Sn L

59.60

43.94

Au M

5.01

2.22

Totals

100.00

Figure 61. Board side IMC EDX for SAC305 (0.8 mm pitch) solder joint on ENIG, 6 months aging.
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Figure 61 shows that phosphorus is often observed at the interfaces due to the
process deposition of the nickel layer. [80]

5.1.2 IMC Thickness Analysis
Five IMC thickness measurements (Table 18 & Table 19) were averaged along the
intermetallic layer for 10 groups five solder balls located at a left corner, left middle,
center, right middle and right corner line under a package.
Table 18. 0.8mm pitch SAC305 Board Side IMC Thickness Growth during 125oC Aging

Surface Finishes

No Aging

6 month Aging

12 month Aging

(0.8mm pitch)

(m)

(m)

(m)

ImAg

1.83

6.45

9.04

ENIG

2.37

3.89

5.99

ENEPIG

1.55

4.43

5.7

Figure 62. 0.8mm pitch SAC305 Board Side IMC Thickness Growth during 125oC Aging
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Figure 62 shows that ENIG and ENEPIG have a smaller average IMC thickness than
ImAg, which may be due to the prevention of the Ni layer barrier. It also shows that
ENEPIG has a smaller average IMC thickness under the no aging condition than ENIG,
which may be due to the additional presence of Pd in ENEPIG, assuming Pd provides an
additional barrier to Cu diffusion. Eventually, after 12 months of aging, the board side
IMC for both ENIG and ENEPIG finishes approaches a similar thickness. However, the
fact that both ENIG and ENEPIG IMC thicknesses are increasing vs. aging time offers a
partial explanation for the degraded reliability performance of SAC alloys on
ENIG/ENEPIG over time and temperature. [81]
Table 19. 0.8mm Pitch SAC105/SAC305 Board Side IMC Thickness Growth with ENIG Finish

ENIG

No Aging

6 month Aging

12 month Aging

(0.8mm pitch)

(m)

(m)

(m)

SAC105

3.74

5.17

5.39

SAC305

3.41

3.89

4.09

Figure 63. 0.8mm Pitch SAC105/SAC305 Board Side IMC Thickness Growth with ENIG Finish

In Figure 63, we find that the IMC thickness of SAC305 is less than SAC105 with
ENIG plating after 6 month and 12 month aging.
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(a)

(b)
Figure 64. IMC thickness analyses for 15mm BGAs with ENIG finish. (a) Board Side (b) Package Side

As Figure 64 shows, the IMC is thicker at corner side solder balls than center balls in most cases.
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a)

b)

Figure 65. IMC thickness growth with ENIG finish on package (top) and board (bottom) side for 15mm solder
balls.

From Figure 65, we can find the aging effect on the IMC growth. The IMC thickness growth rate is
higher at bottom side (board side) than top side (package side) solder balls, a finding which is observed
in most of 15mm BGA samples of our test. There are lots of factors may effect on this, like Cu
diffusion rate, ENIG layer thickness, solder joint structure, rigional temperature difference and so on.
One possible explanation for this result is related to the thickness of Ni layer on package and board side.
A thicker Ni barrier should be more effective to avoid Cu diffusion and lead to slower IMC growth rate.
I suggest running different Ni layer thickness test on both sides on 15mm SAC 305 solder joints to find
a best one which could balance reliability performance and material cost.

87

5.1.3 IMC Thickness Growth Effect
Moreover recent investigations [15] had reported that the growth of Cu–Sn IMC
layer had a degraded effect on the solder joint reliability, with increasing thickness of the
Cu–Sn IMC layer, the thermal fatigue life of solder joints will decrease.

(a)
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(b)
Figure 66. IMC Thickness Growths with the Effect of Aging for 10mm SAC 105 solder joints
finished with ENIG (a) Board Side, (b) Package Side

Above figures show the IMC thickness growth after aging. (Figure 66)
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5.2 Failure Mode
Figure 67 shows three typical failure modes for the 10mm package size, 0.4mm
pitch BGA after thermal aging and cycling for SAC105 on ENEPIG and ENIG surface
finishes, respectively. It looks like the microstructure deformation of finer pitch solder
interconnections (0.4mm) is much more severe. The cracks are more likely initiated at the
package side corner of the interconnection and then proceed along the IMC boundary, see
Figure 67(a). Figure 67(b) shows a crack path with an angle downwards to the solder
bulk after thermal aging and cycling. Occasionally, cracks may generate from the inside
of solder ball (Figure 67(c)). [82][83]

(a)
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(b)

(c)
Figure 67. SEM Images of 10mm Package SAC105 Solder Interconnections after 1 Year Aging
at 125oC: (a) Crack at Package Side and Goes Along with IMC Boundary, ENEPIG Finished, (b)
Crack Goes into The Solder Ball, ENIG Finished, (c) Crack Generates from The Inside of Solder
Ball, ENIG Finished.
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Figure 68. Cross-polarized Image of Figure 5.10(c).

As Figure 68 shows, the reason that crack generated from the inside of solder ball
appears to be the grain structure recrystallization. It is clear that the fatigue failure comes
up and propagated at grain boundaries. [84]

(a)
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(b)

(c)
Figure 69. SEM images of 15mm package SAC305 solder interconnections after 1 year thermal
aging at 125oC: (a) Crack at package side, ENIG finished, (b) Crack at both sides, ImAg finished,
(c) Crack at board side, ENEPIG finished.
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Figure 69 shows three typical failure modes for the 15mm package size, 0.8mm
pitch BGA after thermal aging and cycling for SAC305 on ENIG, ENEPIG and ImAg
surface finishes, respectively. The cracks may appear at package side only, board side
only or even both sides.
5.3 Crack Propagation
The shear stress created from the CTE mismatches at the both package and boardside solder/finish interface cause plastic deformation, which generates cracks which
propagate along those areas of the solder joint. [85]

IMC Layer

Ag3Sn

(a)
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IMC Layer

Grain Boundary

Ag3Sn

Boundry

(b)
Figure 70. SEM Images of 10mm Package SAC105 Solder Interconnections after 6 Months
aging at 125oC: (a) Crack Goes Along with IMC Boundary and Blocked by Ag3Sn Particle,
ENEPIG Finished, (b) Crack Propagation is subject to IMC Layer Boundary, Grain Boundary
and Ag3Sn Particles. ENIG Finished.

Finer pitch packages typically have less structural stability than larger pitch
packages. Figure 70 shows the cross-polarized and SEM images of two 10mm SAC105
solder balls, those cracks which might be affected by grain boundaries. This is due to the
formation of a continuous network of high-angle (grain) boundaries by

local

recrystallization increased grain structure movement along the interfacial region,
thus, enhanced cracks to nucleate in and propagate through the recrystallized solder
interconnections. [86]
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Figure 70 also shows another two factors: 1) package side IMC boundaries; 2) larger
IMC precipitates in the solder bulk as Ag3Sn.
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Chapter 6
6.1 Conclusion
1) According to the reliability performance of 19mm, 15mm, 10mm, and 5mm BGA
package subjected to 24 months 125oC aging we could easily find the Weibull
characteristic lifetime is dramatically reduced during isothermal aging at 125oC for
SAC105/305 on a variety of package sizes.
2) Different Package Size BGA components have different reliability performances. For
perimeter ball alignments, the 19mm and 15mm BGAs always have higher
characteristic lifetimes than the 10mm, which shows that packages with large solder
balls have higher reliability. On the other hand, the 5mm BGA has the highest
characteristic life, indicating that packages with full array ball alignments perform
better than perimeter ball alignments under high temperature aging + thermal cycling
conditions.
3) For the SAC solder immersion with Ag, a first layer Cu6Sn5 (η-phase) intermetallic is
formed at the board/solder joint interface. Then, a second layer of Cu3Sn (ε-phase) is
formed at the IMC layer/board interface during aging which reduces the mechanical
behavior of the solder joint.
4) For ENIG/ENEPIG finishes, as figure 9 shows, in the interfacial reaction between
the Ni layer and SAC 105 /SAC 305, ternary IMCs consisting of Cu, Ni and Sn are
observed. The IMC layer is of Cu-Sn type with a small proportion of nickel:
(Ni,Cu)6Sn5 and (Ni,Cu)3Sn4. [14] The nickel layer in ENIG/ENEPIG systems acts
as a diffusion barrier which inhibits Cu dissolution into the solder to ensure better
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reliability. Phosphorus is also present, due to the process deposition of the nickel
layer. In our test, all components are finished with ENIG on package side.
5) For 10mm BGA package with ENIG or ENEPIG finished, the ranking of lifetime
performance with thermal aging and cycling is that: SAC 305 > SAC 105>SnPb in
all cases; For 15mm BGA package with ENIG or ENEPIG finished, the ranking of
lifetime performance with thermal aging and cycling is that: SAC 305 > SAC
105>SnPb in most cases, except ENIG no aging group.
6) The Weibull characteristic lifetime is dramatically reduced during isothermal aging
at 125oC for SAC105/305 on a variety of board finishes. Generally, the rank of the
characteristic lifetimes for both SAC105/305 with different surface finishes follows
the order: ENIG>ENEPIG>ImAg.
7) In particular, SAC105 undergoes a considerable lifetime reduction during aging and
illustrates the risk in using SAC105 solder balls in applications where thermal fatigue
failure is a concern. In all cases, SAC305 solder alloy using ImAg, ENIG, or
ENEPIG has a longer lifetime than SAC105, both with/without thermal aging.
8) Failure analysis showed the IMC is thicker at corner side solder balls compared to
center balls in most cases. The continuous growth of Cu-Sn IMC (SAC/ImAg
systems) and Cu-Ni-Sn IMC (SAC/ENIG/ENEPIG systems) on board side solder
joints finally result in fatigue failures. Under the help of imbedded Ag3Sn particles
which form in the solder during aging, higher Ag content solder balls (SAC305)
perform better than SAC105. For 15mm package size SAC105 BGA finished with
ImAg, ENIG and ENEPIG, cracks initially start from the corner of the
interconnection and then proceed along the interface IMC. For 10mm package size
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SAC105 BGA finished with ENIG and ENEPIG, cracks most likely start from the
corner of the package side and then proceed along the interface IMC and often into
the solder bulk. Three factors are considered: Package side IMC boundaries, Ag3Sn
particles and Grain boundaries.
6.2 Limitation and Uncertainty
1) SMT process: As figure 44(b) shows, SMT board manufacturing problems may
generate early failure during thermal aging and cycling.
2) Wiring process: There are thousands of component needed to be wired. That may
cause additional room temperature aging during the wiring process.
3) Aging and cycling process: Ovens are relatively old. Sometimes, they would stop
working.
4) Components limitation: Components are provided by customer. It is hard to do
Pitch/Package ratio comparison with thermal aging and cycling.
5) Further test is needed for Full array vs. Perimeter alignment comparison with same
pitch and package size to find out the effect of alignment.
6) IMC measurement deviation: the accuracy of IMC layer thickness measurement is
uncertain.
7) Cross section sample: The solder joint crack may be happened when cutting and
polishing sample.
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Chapter 7
Future Work
Since there were limited numbers of test samples, there are a lot of variations for this
test. Further research is needed to demonstrate the effect of ball alignment with same die
size, package size and pitch size. Ball alignment test is suggested for 15mm and 5mm
with same die/package ratio and the ball alignment test for 5mm with different die size in
the next step.
According to the finding that bottom side IMC growth rates are lower than the top
side, Ni layer thickness maybe a concern. Different Ni layer thickness tests are needed in
the future to evaluate this issue.
And under the limitation of component options, it is unfortunate that the
characteristic life time comparison with different die/package ratio test could not be
performed. Data analysis is needed on current and future data in order to discover the
characteristic lifetime variations of different surface finish like OSP and ENIG.
Because this kind of thermal test takes more than 1 year to complete, finite element
analysis would be used to construct to model of the solder joint and correlated with test
results to better predict the solder joint life. Detailed stress strain analysis can be achieved
from the model to build up the joint thermal fatigue theory regarding long-term aging
effect. Microstructure analysis would be kept on to discover the root cause of different of
failure mode.
A polarized microscope is needed to deeply and clearly study morphology changes
such as grain structure evolving and types of IMC growth at various geometric locations
in order to understand the creep effect on joint reliability reduction.
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Auburn is currently engaged in a multi-million dollar Solder Doping (micro-alloying)
study to find a solution for the harsh environment electronics industry. This study is to
evaluate the effect of long term isothermal aging and thermal cycling on the reliability of
lead-free solder mixes with different solder doping, PC Board plating, and temperature
aging for ball grid array (BGA), quad flat no lead packages (QFN) and 2512 Resistor
from different environment of electronics.(Figure 71) The outcome data and further
microstructure morphology study will be analyzed and compare with current project’s
results to construct a larger blueprint of lead-free solder joint reliability performance.

Figure 71. Test Board Design

The primary goal is to find a manufactureable solder paste that will mitigate the
effects of aging on lead-free solder joints, and secondary goal would be to find a paste for
solder doping that could be used for individual package reliability enhancement and a
solder for solder-sphere replacement to enhance the solder joint reliability.
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Twelve doped solder pastes supplied by eight high volume companies, as well as
SAC105 and SAC305 lead-free solder balls together with three board platings of OSP,
Immersion Silver and ENIG are being tested. Package sizes ranges from 15mm, 0.8mm
pitch BGA to 6mm, 0.5mm pitch BGA, and QFN and 2512 Resistor were tested. (Table
20)
Table 20. Component Matrix

Item

Component

Pitch
(mm)

I/O

Numbers per
board

Note

3

15mm BGA

0.8

208

3

1-105,1-305,1-match

4

6mm BGA

0.8

36

3

1-105,1-305,1-match

5

5mm QFN

0.65

20

3

6

2512 Resistor

6

Figure 72. Componet Matrix
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The isothermal temperature condition is 125℃ with aging time period of 12 months.
A similar monitoring system and cycling profile should be used to keep data consistency.
Data analysis will be performed, and statistical Weibull distribution will be used
here to show the characteristic life degradation for the different solder pastes under
different conditions. Failure modes of solder joints as well as microstructure change will
be investigated using Scanning Electron Microscope (SEM) to track different crack
propagations across the solder bulk cross section, and also Intermetallic Compound (IMC)
layers thickness will be measured. Energy-dispersive X-ray spectroscopy (EDX) will be
employed also to analyze the chemical characterization of IMC layer for SAC/ImAg,
SAC/OSP and SAC/ENIG systems.
Finally, computer simulations with finite element models will be built to compare
with the test data. The ideal outcome for this project is to select the solder paste and
board plating combination which provides the best reliability of each component category,
and to further investigate how thermal aging effect influences the reliability to the lead
free solder balls.
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