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Abstract

This research developed a novel, non-wire bond semiconductor interconnect technology,
termed the Dimple Array interconnect (DAI), with significantly improved electrical, thermal
and mechanical characteristics for power electronics applications. In the DAI structure,
electrical connections onto the devices are achieved by solder bumps formed between the

silicon device and arrays of dimples stamped on a metal sheet flex.

This research first presents the design of the materials, electrical and thermal performance,
reliability, and the fabrication process of the DAI It was found that due to the use of solder
material, the current handling capability and thermal management of Dimple Array
interconnected devices are significantly better than those using wire bonds. In addition, the
shorter and wider solder joints reduce parasitics, which is a serious problem in wire bond
interconnects. The proposed fabrication process of the DAI is simpler than other developing
integrated power packaging technologies, such as flip chip and deposited metallization
integration. DAI was successfully demonstrated in a half-bridge power electronics module

with much improved electrical characteristics.

The study then focuses on the thermomechanical reliability of Dimple Array packages as
compared to conventional controlled collapse bonding (CCB) flip chip packages.
Experimental approaches, such as power cycling and temperature cycling tests, and numerical
simulation with the help of finite element analysis (FEA) were used. The thermal cycling test

shows that dimple solder joints display an eightfold reliability improvement over the



conventional CCB solder joints. The power cycling test showed that the measured forward
voltage can not reliably reflect the integrity of the solder joint interconnect. However, from
metallographic cross-section images of these samples, it was concluded that the DAI solder
joints are more reliable than the CCB solder joints under power cycling conditions. FEA
results showed excellent correlation with experiments in predicting that the Dimple Array
solder joints are more fatigue-resistant due to a reduced stress/strain concentration.
Furthermore, failure mechanisms were explored using the mapped stress/strain distribution
within the models. It was found that the CCB solder joint has a highly localized strain
concentration at the device/solder interface, while strains are more uniformly distributed over
the whole Dimple Array solder joint.

Keywords: solder bumping, Dimple Array, power, packaging, modeling, FEM, reliability,
thermomechanical, accelerated testing, flip chip, area array packaging



ACKNOWLEDGMENTS

| would like to express my sincere thanks to my advisor, Dr. Guo-Quan Lu, for his guidance,
time and efforts on my behalf. | could not have finished on time if he had not been trying to
suppress his flexible supervision, which could effectively counteract my strong motivation to
graduate.

| am indebted to my other committee members, Dr. J. Daan van Wyk, Dr. Douglas J. Nelson,
Dr. Dusan Borojevic, Dr. Carlos Suchicital and Dr. Louis Guido, for agreeing to serve on my
committee and offering me thoughtful advice and guidance.

| am grateful to all my packaging research group fellows, Jess Caata, Shatil Hague,
Xingsheng Liu, Jinggang Wang, Zhenxian Liang, Robert Fielder, Guofeng Bai, Zhiye Zhang,
Xingdan Li, and Kelly Stinson-Bagby, and lab managers Dan Huff and Bob Martin, for their
great friendship and help.

| owe sincere thanks to Dengming Peng and Wei Dong for their tremendous help to me when
| first came to Blacksburg. I would like to thank my other CPES friends, Rengang Chen, Bo
Yang, Kawel Yao, Qun Zhao, Lingyin Zhao, Jinghai Zhao, Li Ma, Nick Sun, Jnghong Guo,
Yuancheng Ren, Yu Meng, Zhou Chen, Yin Liu, Yong Li, Zhenxue Xu, Bin Zhang, Xigen
Zhou, Francisco Canales, Seung-Y o Lee, and Pieter Wolmarans, for their friendship and help.
They have made my life at CPES more enjoyable. In addition, thanks to Johan Strydom for
distracting me whenever possible as a colleague and former roommate.

| would like to thank Jan Doran, Amy Hill, and David Berry in the Materiads Science
Department for advising and assisting me. | would like to thank Trish Rose, Teresa Shaw,
Elizabeth Tranter, Ledi Farmer, Mike King, Steve Chen, and al of the other CPES staff.
They make our work here at CPES possible.

None of this would have been possible without the constant support of my family; them |
thank the most of all.

The research was sponsored by the Office of Naval Research. This work made use of ERC
Shared Facilities supported by the National Science Foundation under Award Number EEC-
9731677.



TABLE OF CONTENTS

(IS o T T =TS iX
IS 0 =" o] = PR Xvii
(@ g="o (= g I 1 01 0o (¥ Tox 1 o o RO 1
1.1 Significance of first-level interconnections for power semiconductor devices and modules...... 2
1.2 Current interconnect technologies for packaging of power electronics devices and modules..... 3
20 A VYT = o T 1 o 3
1.2.2 PrESSUIE PACK. ... ueuetetetetetetetetete et te ettt ettt ettt bbbttt et et et et et e b et et et et et e b et e b et et e b et e b et et et ebebebebebebesntabasasas 5
RGN DTS o' L (=0 407 v 112 (o] o 100 7
1.2.4 Areaarray INLEICONMNECE .......cccvvireierirersisessssesssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasas 10
1.2.5 Flip chip in POWEr PACKAOING .....ccvriririirierirriiessessirsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 12
1.2.6 Performance of first-1evel iNtErCONNECES..........cvrerierrerierie e 17
1.3 Motivation for developing the Dimple Array intErCONNEC ..........cciiiiiiiiii e 19
1.3.1 Issueswith the wire BoNd INtErCONNECL..........cccriiirrre e 19
1.3.2 Issueswith the conventional controlled collapse flip chip interconnection............cccoeeveeeececnencnenennn, 20
1.3.3 Dimple Array interconnect % an alternative areaarray solder bumping technology ..........ccceeveeenee 21
1.3.4 Advantages of the Dimple Array interconnect teChNIQUE .........cccrurireieeiriresecsreseee e 22
1.4 Objectivesand outling Of thiSthESIS ........eeiiiiiiie e 25
1.5 Original CONLIIDULIONS .......uuuuiiiiiiiiii s a s nnannnnnnannnnnns 27
1.6 PubIliCationS aNd PALENTS .......uuuuiiuiiiiieiiiii e e aa e naaannanannaaannananaaaaa, 28
Chapter 2. Design and development of the Dimple Array interCONNECt ............coceverererennens 30
2.1 Prior arts of dimpled structures in microelectronic assemblies........ccocoeeiieiiiiiicicicieccce s 30
2.2 Investigation of the DAI for power semiconductor devices and modules............ccceeeeeiicinnnnne 35
2.2.1 Current handling CapaDility.........cceeirrerieirerreire st s e e s e s s e e ensesenenens 36
2.2.2 TREIMEL ..ottt b bbb bbb bbb 37
B B = S 11 Lo 39
2.2.4 INEErCONNECE MELETTEIS. .....cvveeeererrereerere e r s 40
2.2.5 SOIAEr @ll0Y SYSIEIMS.....cciiieieesese sttt sttt sttt sttt sttt sttt 42
AL ST 0= 0 - o | T 45
2.3 Design of the Dimple Array solder joints for improved reliability .........coooooiiiiiiiiiiiiiiiiiinn, 48
2.3.1 Documented approaches for improving solder joint reliability ........ccccoveverveinrreerrr e 49



2.4 Process development of the Dimple Array interconnected deviCes.........coovevevirerireeiiiieseiinnens 63
2.4.1 Chip-1eVel UBM PrOCESSING......ccoiriririririrerisestsesesestsssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasns 63
2.4.2 Dimpleflex interconneCt falrCaliON.........ccovuiieirerereee s r e e aese e 65
2.4.3 Dimple areaarray bumping and aSSEmMDIY ........cccocviviiririnerininsesese st 67
B2 U 1 3T = o OO 68
2.4.5 Dimple Array interconnected power switching stage module integration.............ccovevvveevererenesenenens 70
2.4.6 Process COMPIEXILY BVAIUBLION.........ccoviriririiisieesest sttt sttt sttt 71

25 Implementation of the Dimple Array interconnect approach on a half-bridge power IGBT

107070 (1= PR 73
2.5.1 Exigting power module packaging teChNOIOQY .........cccouririririninininininesene s 73
2.5.2 Dimple Array module layout design and falriCation............ccoveeervneinersecse s sesesesse e 74
2.5.3 Electrical performance of the Dimple Array MOAUIE...........cooeieinininineninsesesesesese s 76

RS 1117 Y PP 78

Chapter 3. Thermomechanical reliability of the Dimple Array interconnect.............c.cceceenue.. 80

3.1 Significance of reliability in solder area array packages............ooovcveiieiiee e 80

3.2 Reliability evaluation MEthOS.........ccooeiieiiiieiece e 81
T I I = = oo o = T 81
I = o Y= g0y T gTo = 82
3.2.3 MECNBNICA TES.....vveececre et 84

3.3 Failure analySiIS MEtNOUS .......cccooiiiiiie e 85
3.3.1 Scanning acoustic MICrOSCOPY (SAM) ..ottt sttt 85
R - YT 41 o= o 1T 87
CHCHCIN VIS =1 oo =19 o Lol "= oi (0] 1 o o R 87
3.3.4 Scanning electron MICroSCOPY (SEM) ..ottt sttt sttt 88

3.4 Reliability testing and failure analysis of DAl and CCB interconnects............ccooeeeeeeeeiennnnnns 89
3 A I = = oo g = 89
G o Y= oy o 1 e N == T 93
3.4.3 Failure analysis using metallographic Cross-SECtioNINgG .......ccovvvririririnenenesesisesesesese s 98

3.5 Thermal CYCling tESt FESUITS ......ccieiiiei e 99
3.5.1 PD37-SNB3 S0 N ...ttt sttt s bbbttt 99
3.5.2 Lead-free Ag3.5-SN96.5 SOIE ..ottt ees 103

3.6 POWEr CYCliNg tESE FESUITS .....cooi e 107
3.6.1 Non-underfilled SAMPIES.......cco e e r e s e s s e saesene e e 107
3.6.2 UNAerfilled SAMPIES......ccoceieeieesesesessts sttt sttt sttt e 110
3.6.3 AQ3.5-SNO0B.5 SOIAEN ......euerieeeeiieireeretreer ettt 116



R 0] 0.0 PSPPI 119
Chapter 4. Numerical analysis using finite element SImulation.............ccceoererereneneceenne 122
4.1 Introduction to NUMENiCal @NAIYSIS........cciviiiiiiiiiiie e 122
4.2 Capabilities and challenges of modern finite element modeling approach ............................ 125
4.3 Existing solder joint fatigue life prediction models...........cccccvvviiiiii 125
4.3.1 Plastic Strain-baset MOGEIS ...ttt 126
4.3.2 Creep Strain-basetd MOUEIS.........ccerieieeeeee ettt ettt bbbttt ettt s eretesenas 128
4.3.3 Energy-based MOUEIS........ccoiiirieirersecse sttt s e s et s et s e e s e st ene e e 129
4.4 Documented FEM analysis of area array packagesS.........ccovvvvviiiiiiiiiiiiiiiieieieeeeeeeeeeeee e 130
4.4.1 FEM analysis of CBGA and CCGA DY IBM .....ccceeieeieienieieieiesisieie et esssssesssssssesssesssssesesenes 131
4.4.2 FEM modeling of enhanced standoff height solder JOINES........cccocveeeeeeeeceeee e 133
4.4.3 FEM modeling of UNerfill €ffECtS.......cvovviceiircccrs e s 137
4.5 FEM modeling of the thermal fatigue of DAI and CCB solder joints.........cccccevvvvvvveiennnnnnn. 138
4.5.1 MEAENTAl MOUEIS.......c.cirirreieerere e e 138
A.5.2 MOUEIING PrOCESS.....cveuererereierareietesaretesetetesesesesasesasesasasasesasesasesesasasesasasasesasesasesasesesesasesesasesasasasasasasasasasas 146
4.6 FEM MOAeliNg FESUITS ......ccoiiiiiiiiiiceeee e 152
T R I =1 7= 0y 1 o TS 152
I o Y= oY o 1 o T 159
A B o U1 o LSRR 162
4.7.1 DBC and die-attaCh EffECLS.......ocoiueurereriicecrireeieissesecis ettt 162
4.7.2 Correlation between FEM and EXPEriMENES........ccceeeeeeieierereieeeieseresesesssssesesesesssssssesssesssesesesesesess 163
4.7.3 Discussion Of VariouS MO NG ISSUES..........cvireririeirererieresesesieseesesesesssesessssesesessesessessesessssssssessnssens 167

IS 0117 Y PPN 176
Chapter 5. Future applications of the Dimple Array iNnterCONNECt ..........ccocovreereriereereennn 178
5.1 DiSCrete POWEN PACKAGE.....ciiei e e e e e et 178
L3N I @re g o= o U= I O7 N I 2 (= o o 178
5.1.2 Fabrication of the DAI TO-247 PACKAGE........cccurtririririsiresistsestsesesssess s s sssssssssssssssssssssssssssssssssssssssssens 179
5.1.3 Thermal modeling and diSCUSSION...........cveireririeinerireesesesieenesesissese s eseeseseeseesessesese s essesssesanssssnssens 179
5.2 Packaging Of FTO....ccciii i 181
5.2.1 Available packaging SChEMES........co vttt sttt 181
LI 0o = oo 182
5.2.3 Thermal considerations for FTO Packaging.......cccvueeirrerieinererieeneseserenssesieseesesessesssessssssssesssssssnesens 184
Chapter 6. SUMMary and CONCIUSIONS .......cc.eoiiiriiiieie e e 186

vii



6.1 Design and development of the Dimple Array interconnect...........ccceeeeeeeee e, 186

6.2 Thermomechanical reliability of the Dimple Array interconnect............ccccceeeeeeeeeeeeeeeeeeeeen, 187
6.3 Numerical analysis using finite element sSimulation ..............ccccoe oo, 189
REFEIEICES ... et e e 191
LY 1 TSR PRTOPR 201

viii



L1ST OF FIGURES

Figure 1.1 Technology roadmap of IR's board-level discrete power packages (courtesy of
International RECHTIEN). ..ocoiiii i 1
Figure 1.2 Opened-up view of a TO-247 MOSFET Package. ..........uuuvurernirinmminmninininnnnnnnnnnnnnnn. 4
Figure 1.3 Wire bond power modules and schematic of interconnect hierarchy: (8) EUPEC MCM
package (courtesy of EUPEC); (b) inside of a power module; and (c) power module

(00 101 070] 1 01 K= 4
Figure 1.4 Ball bond (a); and wedge bond (b) and (c) (magnifications were estimated). .............. 5
Figure 1.5 Aluminum wedge bonding machine step sequence (1-6) (reprinted with permission of

Kluwer Academic PUDIISNES). ....ccooo i 6
Figure 1.6 Evolution of pressure pack packaging. ..............eeueerurmimmmiuimininininerieienn... 6
Figure 1.7 Construction of a press-pack GTO (courtesy of ABB): (@) cross-section schematic of

press-pack GTO; and (b) GTO housing and GTO deVICES. .......cceeeeeeeeeiiieiieeeeeeeeeeeeee, 7
Figure 1.8 ABB IGCT 5SHY 35L4503 (courtesy of ABB). ........uvuuiiuiiiiiiiiiiiiiiiiiiiiiiiennienninnnnn. 7
Figure 1.9 Cross-section view of GE POL mModule StTUCIUIE............uuuveruiminiiiniiiiiiininrnrnnennnnnnnnn. 8
Figure 1.10 Photograph of a POL module fabricated at Virginia Tech. ...........cccccvvvviiiiiiininnnnnnn. 9
Figure 1.11 Cross-section schematic of the Embedded Power technology. .............evvvvvviiinininnnn. 9
Figure 1.12 Processing flowchart of the embedded power stage. ...........vvvvvvviviniiiiiiininiiiiiiinnnn. 10
Figure 1.13 Embedded Power IPEM ProtOLYPE. .......uuuuuruiiiiiiiiiniiininininennnnnnnrnssnnnnnnrnrnnnnan.. 10

Figure 1.14 Applications of flip chips. (@) flip chip BGA structure (courtesy of Oki Electric
Industry Co. Ltd); and (b) V-groove fiber aignment using reflowed Au-Sn solder bumps

(courtesy Of Karl SUSS). ....cooeeiieieie e 11
Figure 1.15 Fairchild's bottomless SO-8 package using solder bump technology (reprinted with
permission of Power Electronics TeChnology).......cccceeeeeeeeiie e, 13
Figure 1.16 Fairchild’'s MOSFET BGA (courtesy of Fairchild Semiconductor). .............cccuueee. 14
Figure 1.17 An SEM image of IR's HipFET (courtesy of IR). ...........uuvvviimimimirininiiiniiiiinininnnnn. 15
Figure 1.18 Flip chip power packaging developed at CPES: (a) schematic of D’BGA; and (b)
Chip SCale POWEN PACKAJE.........ciiiiiiieiiiiieieeee et 15

Figure 1.19 DirectFET™ package (courtesy of IR): (a) cross-section of DirectFET soldered to
PCB; and (b) comparison of current conduction paths..............ccccceeeeeeiii e, 16

Figure 1.20 Schematics of ThinPak cross-section and three-dimensional view (courtesy of



Figure 1.21 Wire bond failures. (a) photograph shows eectrica overstress indicated by fusing of
three parallel wirebonds of a power transistor (courtesy of Matorola); (b) wire bond hed

crack, overbonded (courtesy of Motorold); and (c) wire bond fatigue crack (magnifications

VLS L= g 7= 1= ) 20
Figure 1.22 Stresg/strain concentration at CCB solder JOINtS. ......occvvviiiirieeiiiiiiiiee e 21
Figure 1.23 The Dimple Array interconnect (a); and the wire bond interconnections (b). .......... 22

Figure 1.24 Structures of (a) the Dimple Array interconnect; and (b) the controlled collapse

BONAING. .o 23
Figure 2.1 US Patent 6,284,563 compliant microelectronic assemblies. ...........cccccvvvvvvenininnnnn. 30
Figure 2.2 US Patent application 2001/0041370: A method for fabricating a semiconductor

package With aheat SINK. ..., 31

Figure 2.3 US Patent application 2001/0045643: A stress-relief structure for the semiconductor
PACKAOE. ..o 31
Figure 2.4 US Patent 5,110,761, method to form top contact for non-flat semiconductor devices:
(a) flat metal lead interconnection; (b) and (c) dimpled meta lead interconnection. ......... 32
Figure 2.5 US Patent application 2001/0028109: A method for area array flip chip bonding. ....33
Figure 2.6 Metallographic images of Powermite® packages (a) flat copper strap; and (b) dimpled

(o0 o] 0]< g1 = o PPN 34
Figure 2.7 Artistic view of the Dimple Array interconnected package..............euvvvvvivirinrnininnnnn. 35
Figure 2.8 Infrared microscopy image of the temperature distribution of a power transistor

interconnected by Wire bonds. ..., 36
Figure 2.9 Comparison of contact geometry of wire bond and flip chip interconnects. .............. 37
Figure 2.10 Conventional wire bond SOIC-8 (top) and the FLMP SOIC-8 package (bottom)

(reprinted with permission of Rajeev Joshi, Fairchild Semiconductor). ...............cooeeen. 38
Figure 2.11 Comparison of the electrical and thermal resistance of individual wire bond, flip chip

solder joint and the Dimple Array SOlder jOINt. .........uueevuriiiiiiriiiiiiii. 39
Figure 2.12 Inductance (a) and resistance (b) of some lead frame materials as a function of

frequency (reprinted with permission of Kluwer Academic Publishers)...........cccccvvvinnnns 42
Figure 2.13 Phase diagrams of some solder alloy SyStemS. .........uuvvvviviiiiiiiiiiiiiiiiiiiiiniiieininenennn. 43
Figure 2.14 FEM model of IBM’s ceramic column grid array interconnection with coated solder

(ol 1010171 TP UPU T TUOPPPPPRPP 44
Figure 2.15 Shape parameters of the Dimple Array solder joint...........ccccccvvvviviiiiiniiiiiiiiiinn. 46

Figure 2.16 BGA solder joints shape prediction using Surface Evolver: (a) barrel shape solder
joint and (b) hourglass shape solder JoINt. .........ccoooeeeiiiiii . 47



Figure 2.17 Dimple solder joint shape evolution as predicted by Surface Evolver..................... 48

Figure 2.18 A first-order estimation of the fatigue life of solder joINts. .........cccccvvvviniiiiinininnnn. 48
Figure 2.19 IBM’s BGA and column grid @rTay. ...........eueuueemmummmmeninnnnnnnnnenenreennnnnenenenenenn. 49
Figure 2.20 Fatigue of 50mil solder columns subjected to —55/125°C thermal cycles. ............... 50
Figure 2.21 Double-bump structure in Motorola's wafer-level chip scale package (courtesy of

Motorola, magnification was estimated). ...........cooeeeeiiii 51
Figure 2.22 Motorola s wafer-level chip scale packaging processing (courtesy of Motorola).....51
Figure 2.23 S3-DiepaCk SCHEMALICS. ....uuuuururriririiiiiiiiieiiiiiriaireaenenerenrarareraereneerrerenererrnrnrnrnenrnne 52
Figure 2.24 Failure modes of the conventional WLCSP (a) and the S3-Diepacks (b). ............... 53
Figure 2.25 Comparison of flip chip structures. () CCB; and (b) SST solder joints. ................. 53
Figure 2.26 Backside clip attachment of Mechatronics power packages from Motorola. ........... 54

Figure 2.27 Fatigue failure modes for PCSB (@) and a conventional BGA solder joint (b)......... 56
Figure 2.28 Accumulated fatigue failure rate of PCSBs and conventional BGA solder joints.....56
Figure 2.29 Nokida's polymer core bump (a) and transfusion bonding process (b) (reprinted with
permission of Chip SCAl@ REVIEW). ......cooeiiiiiee e, 57
Figure 230 Schematics of C4 solder joint: (@) 3D sketch; and (b) sections before and after
thermal diSPlaCeMENL. ........uuuieiiiiiiiiiii e rereeeararaeesersrasnsnsnsnsnnnnnnes 59
Figure 2.31 Sample flex substrate and the construct of a single-sided flex circuit (courtesy of
N 1= R 1 o) TR 60
Figure 2.32 Test vehicle design for measuring resistance change during thermal cycling: (a)

dimple copper flex pattern; and (b) CAD layout showing four underlying devices. .......... 60
Figure 2.33 Effects of dimple height on solder joint Shape. .............ueviuiiiiiiiiiiiiiii. 61
Figure 2.34 Proposed UBM structure for the Dimple Array solder bumping...........ccccvvvviiinnnn. 64
Figure 2.35 A fixture used to stamp the dimple fIEX. ..o 66
Figure 2.36 Fabrication of the dimple flex using stamping fixtures. (a) stamping process; and (b)

top view of a stamped dimple COPPEr FIEX. ...uuuuiririiiiiiiiiiiiiiiiiiiiiiir e 67
Figure 2.37 Process flow of the Dimple Array solder bUmMPINg. ...........uvevuiviniiimiiiii.. 68
Figure 2.38 Conventional underfill-flOW ProCESS. ........uuvuuiiriuiiiiiiiiiiiiiiiiiiiinrnrnrnene——.. 69
Figure 2.39 Underfilled power device with Dimple Array intercONNECES. ............evvvvvvvvveninnnnnnns 69

Figure 240 Schematic of Dimple Array interconnect and integrated DAl power switching stage
00700 (0] = PP PP PTTPR 70
Figure 2.41 Flowchart for manufacturing various power modules: (a) wire bond; (b) flip-chip; (c)

deposit-metallization; and (d) DAl MOAUIES. .........covvvvviiiiiiiiiiiiiiieeeeeeeeeeee 72

Xi



Figure 242 Circuit diagram of half-bridge power IGBT module (shaded region) and its drive
ot ot 1 RSO PPERR 73

Figure 2.43 Cross-sections of the conventional package () and the improved package (b)........ 74

Figure 2.44 Top views of (@) the conventional package and (b) the improved package.............. 74
Figure 2.45 The circuit layout design of the Dimple Array interconnected module. .................. 75
Figure 2.46 A demonstration half -bridge IGBT module (a) and a close-up look (b). ................. 75
Figure 2.47 A second-phase prototype MOCUIE............uuuuiuiuiiiiiiiiiiiiiiiiieinenirrrr———.. 76
Figure 2.48 Power module test circuits. (&) for the low-side switch; (b) inductor charging path

(thick line); and (c) inductor discharging path (thick 1ine). .........ccccceeee 76
Figure 2.49 Power stage switching characteristics at 600V and 50A: (@) turn-on; and (b) turn-off.

.................................................................................................................................. 77
Figure 2.50 Switching energy comparison of the commercial wire bond module and the Dimple

N = Y 1270 LU 78
Figure 3.1 Temperature cycling profile specified by JEDEC. ..........cccccccvviviviiiiiiiiiiiiiiiniiininnnnns 82
Figure 3.2 Power cycling test circuit for 1200V, 300A single-switch IGBT device................... 83
Figure 33 Mechanica shear and tensile test: (a) test sample; (b) double lap shear configuration;

and (C) tensile CONFIQUIBLION. ..........cceviiiiiiiiiiiieeeeee ettt 85
Figure 3.4 C-SAM monitoring of crack evolution in the die-attach of silicon devices. .............. 86

Figure 3.5 TAMI scanning principle (reprinted with the permission of Sonix Incorporated). .....86
Figure 3.6 X-ray inspection of: (a) and (b) BGA packages, and (c) wire bond packages (all

photos courtesy of X-TeK). ...cccoerriiiii i, 87
Figure 3.7 Electron/specimen interactions in SEM (reprinted with permission of Professor Scott

Chumbley, lowa State UNIVErSItY). .....coevviiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et 89
Figure 3.8 Schematic of the resistance measurement for thermal cycling samples.............c....... 20
Figure 3.9 Phase diagram of aluminum and SiliCON.............uuuuuiuiiiiiiiiiiiiiiiiene. 91
Figure 3.10 Metallized wafer with solderable patterns. ..............eeveeeeeiiiiiiiiiiiniii. 92
Figure 3.11 Thermal cycling SAMPIES. .....uuuiiiiiiiiiiiiiiiiiiiiiii e srarerareenrnne 92
Figure 3.12 Power CYCling tESt CIFCUIL. ......uuuuuurriuieiiiiieiiiiiiiurnrarnrerararerarararnrrrrrrrarnrnrnrarnrnrarnrnne 9
Figure 3.13 Power cycling test setup (@) and atypical power cycling temperature profile (b).....95
Figure 3.14 Temperature dependency of diode forward voltage...............uuvvveviviviiininiiiiinininnnnn. 96
Figure 3.15 CCB copper interconnect with preformed solder balls. ...........ccccccvvviiiviniiiniiininnnnn. 97
Figure 3.16 Zero-cycle resistance histogram for (a) CCB and (b) DAI solder joints.................. 99
Figure 3.17 Typical normalized resistance R/R, versus number of thermal cycles. ................. 100
Figure 3.18 Cumulative fails based on a 20% increase in resistance, using Pb37 solder. ......... 101

Xii



Figure 3.19 Cumulative fails based on a 50% increase in resistance, using Pb37 solder. ......... 101
Figure 3.20 (a) A dimple solder joint that failed at 285 therma cycles; and (b) the zoomed-in

View Of the CIFrCIed rEQION. ..........uuiii e nrnenrnenenne 102
Figure 3.21 (@) A dimple solder joint after 400 thermal cycles, and (b) the zoomed-in view of the
Lo (=0 [ =" oo P 102
Figure 3.22 (a) A typical CCB solder joint that was found open at 135 cycles; and (b) the
zoomed-in view of the CIrcled region. ..........cevvvvvviiiiiiiiiieeeeeee e 103
Figure 3.23 (a) A CCB solder joint that failed (50% up) at 135 cycles; and (b) the zoomed-in
View Of the CIFrCled reQION. ..........uuieiiiiiii e nnnenrnenenne 103
Figure 3.24 Typical resistance change of the Ag3.5-Sn96.5 Dimple and CCB solder joints. .... 104
Figure 3.25 Cumulative fails based on a 20% increase in resistance, using Ag3.5-Sn96.5 solder.
................................................................................................................................ 105
Figure 3.26 Cumulative fails based on a 50% increase in resistance, using Ag3.5-Sn96.5 solder.
................................................................................................................................ 105
Figure 3.27 (& An Ag3.5Sn96.5 dimple solder joint after 345 therma cycles, and (b) the
zoomed-in view of the Circled region. .........ooovvvvvviiiiiiiiiiceeeeeeeeeee e 106

Figure 3.28 (a) Ag3.5-Sn96.5 CCB solder joint after 400 thermal cycles; and (b) the zoomed-in

VIEW Of the CIFCIEd rEQION. .........ueiiiii e aaaaraaenrarnennnennnnes 106
Figure 3.29 Temperature change reflecting an increase in thermal resistance of CCB test
£S5 11070 107
Figure 3.30 Typical cracked CCB SOIder JOINES. .........uuuuuiiiuiuiniiiniiiiiiiiiirernrnrnrerenn——.. 108
Figure 3.31 (a) Just-initiated crack under a 200x microscope; (b) no crack is found at
COPPEr/SOIAEY INEEITACE. ... e e e e e e 108
Figure 3.32 Measured package temperature as a function of the number of power cycles. ....... 109

Figure 3.33 Measured package forward voltage as a function of the number of power cycles. . 109
Figure 3.34 A typical failed Dimple Array samples (non-underfilled) at 2,800 power cycles. .. 110

Figure 3.35 Measured voltage as a function of the number of power cycles for underfilled CCB

PACKAOES. ..., 111
Figure 3.36 A typical CCB solder joint after 4,000 power CYClES. ......uuvvuverririririniiiiinininiiinnnnns 111
Figure 3.37 A zoomed-in view of the corner crack shown in Figure 3.36. ...........c.ccuvvvvvvininnnnns 112

Figure 3.38 A CCB solder joint after 4,000 power cycles also shows voiding at the copper/solder
interface (black arroW).........coooeei i, 112
Figure 3.39 A zoomed-in view of the corner crack shown in Figure 3.38. .........cccccvvvvvninnnnnnns 113

Figure 3.40 Optica microscopy images of CCB solder joints after 8500 cycles (sample #4,5). 113

Xiii



Figure 3.41 Cross-sections of (a) a center CCB solder joint and (b) an edge CCB solder joint

after 8,500 CYCIES. ...coviiiiiiiiieieeeeeeeeeeee e 114
Figure 3.42 Power cycling voltage measurements for underfilled CCB and Dimple packages. 114
Figure 3.43 (a) A typical dimple solder joint after 5,000 cycles, (b) a dimple solder joint after

TR0 0 N osY o =P 115
Figure 3.44 Cross-section of atypical dimple solder joint after 12,700 cycles (Sample #9). .... 115
Figure 3.45 Forward voltage versus number of power cycles for Ag3.5-Sn96.5 dimple solder

OIS, e —————— 116
Figure 3.46 A zero-cycle Ag3.5-Sn96.5 dimple solder joINnt. ...........uvvveviieiiiminiiiiiiiiiiiniiineninnn, 116
Figure 3.47 Cross-section of a dimple solder joint after 12,700 CYCI€S. ........uvvvvrvivrrevininenennnnns 117
Figure 3.48 An Ag3.5-Sn96.5 dimple solder joint after more than 35,000 power cycles. ......... 117
Figure 3.49 C-mode SAM image of a zero-cycle Dimple package. .........ccccvvvvvrnininnnininnnnnnnnn. 118
Figure 3.50 A dimple sample after 2,800 power cycles (#17): (8) Gmode SAM images; and (b)

tNE CTOSS-SECLION VIBW.....ciiii ittt e e e e eeeeeas 119
Figure 3.51 Summary of the Pb37-Sn63, non-underfilled samples for thermal cycling test...... 120
Figure 3.52 Summary of the Pb37-Sn63, underfilled samples for the power cycling test. ........ 121
Figure 4.1 Schematic of a CA/CBGA 8SSEMDIY. ......cooviiiiiiiiiiee et 131
Figure 4.2 Finite element models of the CBGA. ..........uuuiiiiiiiiiiiiiiiiieernrnreennenraanes 132
Figure 4.3 Equivalent inelastic strain of various solder fillets. .............uuuveieiviiiiiniiiiiiiniiiiininn, 132
Figure 4.4 Finite element model of CCGA assembly: (a) overall model; (b) a solder column; and

(c) adeformed solder COlUMN..........cooiiiiiii e, 133
Figure 4.5 FEM mesh of a WLCSP with stacked balls. ..., 134
Figure 4.6 Lifetime prediction for various WLCSP and flip chip designs. ...........cccccvvviviinnnn. 135

Figure 4.7 Schematic of the thermal fatigue fracture mechanism in the Pb-5Sn dloy: (@)

formation mechanism of Laird-type striation; (b) formation mechanism of the Pb aloy

striation; and (c) estimation of the direction of crack propagation and dlip plane............ 136
Figure 4.8 Thermal fatigue life of CCB microsolder jOINtS...........uuvuvuiiiuiiiiiniiiiiiiiiiinenininnnn. 136
Figure 4.9 Package deformation at 125°C without (a) and with (b) underfill. .......................... 137

Figure 4.10 Total strain versus life equation (reprinted with permission of L. T. Nguyen)....... 139
Figure 4.11 Steady-state creep strain rate of the Pb37-Sn63 solder (&) and the Ag3.5-Sn96.5

solder (b) as afunction of stress at various temperatures. ..............eeeeeveeeneeenenennnenenennnn. 145
Figure 4.12 Plastic properties of (a) the eutectic Pb-Sn solder and (b) the eutectic Ag-Sn solder.
................................................................................................................................ 146

Xiv



Figure 4.13 Sample modeling process using the dimple solder joint and copper interconnect: (a)

base geometry; (b) surface mesh; (c) solder joint mesh obtained from sweep of the surface

mesh; and (d) copper iNterconNECt MESN. ......ooeeiiiiiii e, 147
Figure 414 FEM models. (@) CCB package not showing Cu; (b) full CCB package; (c) DAI
package not showing Cu; and (d) full DAl package. ...........cccoeeeeeieii e, 149

Figure 4.15 Power cycling test sample: (a) Dimple Array package and (b) CCB package........ 150
Figure 4.16 FEM models for (a) the DAI and (b) the CCB. ..........cuvuiiiiiiiniiiniiiiiiiiiiininrninnnnnn. 151
Figure 4.17 Deformation of the Dimple Array package a the cold extreme (-55°C), 30x

MAGNITICALION. ... 152
Figure 4.18 CEEQ contour of the DAI after the initial cooling stage..............vvvvviviiieiiiiininnnnn. 153
Figure 4.19 Von Mises stress distribution in (a) CCB models and (b) DAI models (Chip center is

marked with circle onthe left SIde).........cooooiiii i, 154
Figure 4.20 CCB solder joints strain contours. (a) PEEQ and (b) CEEQ (the chip center is to the

1 T TP 155
Figure 4.21 DAI solder joints strain contours. (a) PEEQ and (b) CEEQ (the chip center is to the

= SR TPRR 155
Figure 4.22 Stress components at the weakest locations in solder joints; cold extreme. ........... 156
Figure 4.23 Strain components at weakest locations in solder joints; cold extreme. ................ 157
Figure 4.24 Equivalent inelastic strain (CEEQ and PEEQ) historiesin solder joints................ 158
Figure 4.25 Shear stress-strain hysteresis loops of the CCB and dimple solder joints. ............. 159
Figure 4.26 Von Mises stress contours in the dimple solder joints at the cold extreme. ........... 159
Figure 4.27 Von Mises stress contours in the CCB solder joints at the cold extreme. .............. 160
Figure 4.28 Equivalent inelastic strain histories for power Cycling. .........cccccvvvvvviuinennninnnnnnnn. 161

Figure 4.29 Totad accumulative equivdent plastic strain for first four cycles. (@) DAI and (b)

(101 = 301 o = g o o | PP 161
Figure 4.30 Normal stresses S22 at the solder/device interface for (8) CCB and (b) DAI......... 165
Figure 4.31 Correlation: (a) optica microscopy image of a DAI joint (12,700 cycles); and (b) the

FEM predicted inglastic strain distribution. ..., 166
Figure 4.32 Correlation: (8) SEM image of a CCB joint (8,500 cycles); and (b) the FEM
predicted inelastic strain distribution. ..., 166
Figure 4.33 History of the eutectic DAl solder joint: (@) Mises stress; (b) strain; and (c)
[0S 0010 = = PPN 167

Figure 4.34 Temperature profile (top) and von Mises stress (bottom) for a case study that

considers residual stress (a) and omits residual stress (b)........ccoovvvvvvviiiiiiiiiiiiiiiiiiie, 169

XV



Figure 4.35 Effects of underfill materials. (a) DAI and (b) CCB solder joint. .........ccccuvvvvvnnnnns 170
Figure 436 FEM comparison of Ag3.5-Sn96.5 solder and Pb37-Sn63 solder under power
LoxY/ox 1 1o [ o] o [ o PP 172

Figure 4.37 Comparison of the creep strain rates of constrained solder (such as in the solder

JOINE) e e, 173
Figure 4.38 Two dimple shapes: (a) the original and (b) aflat-bottom-dimple interconnect. .... 174
Figure 4.39 Stress contours: (a) the original and (b) the flat-bottom-dimple solder joint. ......... 174
Figure 4.40 Comparison of the inelastic strain range in the weakest sites of the original and the

flat-bottom-shaped dimple SOldEr JOINS. .......uuuuurrreiiiiiiiiiiiii . 175
Figure 5.1 (@) Artistic view of the Dimple Array TO-247 discrete MOSFET package; and (b) the

wire bond TO-247 discrete MOSFET package, top molding not shown. .............cc.eeee. 178
Figure 5.2 Fabrication flowchart for the DAl TO-247 MOSFET........ccccccvvimiiininiiinininnnnnnnn. 179
Figure 5.3 Thermal performance of TO-247 power packages. wire bond (a) and DAI (b) (Graphs

courtesy of Dr. Tao Lin, Math Dept. at Virginia TeCh).........ccovvvvieiiiiiiiiiiiiiiiiieieeeeeee 180
Figure 5.4 FTO deViCe SITUCIUME. ... .uuuiuirieieiiitiiiiiiitiiiiietaeaeeeeeaeaeneeeaeesaeaeseneneneessenensnenenensnnnnns 181
Figure 5.5 Various approaches for FTO packaging: (a) ThinPak; (b) press pack; (c) wire bond,

T (o) IS ol Lo (= == T U - Y 182
Figure 5.6 FTO packaging process using dimple area array bumping. ..........cccccvvvvvvnennnnnnnnnnn. 183
Figure 5.7 Prototype FTO package (a) and simulation model (D). ............evvvvvviieriiirinininiiininnn, 184

Figure 5.8 Transient thermal impedance for wire bond model () and Dimple Array bumping

FTO MO (D). ..o 184
Figure 6.1 Summary of the Pb37-Sn63, non-underfilled samples for the thermal cycling test. . 188
Figure 6.2 Summary of the Pb37-Sn63, underfilled samples for the power cycling test. .......... 189



L1ST OF TABLES

Table 1.1 Wire hoNding PrOCESSES. ....cvviiiiiiiiiiiiiieeeeeeeeeee ettt ettt e e e e e e e e e e e e e e ae e 5
Table 1.2 Flip chip packaging in power electronics applications. ...........ccccvvvvveveieieiiiiieveeeeene, 13
Table 1.3 Pros and cons of various power packaging technologies ..........cccccvvvvvviieiiiiiiievecennn, 18
Table 1.4 Comparison of wire bonding and flip chip bonding. ..........coovvvviiviiiiiiii 23
Table 2.1 Dimpled structures in US patents and patent applications. ...........ccccccvvvvvevevvieeenennnen.. 34
Table 2.2 Properties for various interconnect MaterialS. .........cvvvvvvveeiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 40
Table 2.3 Properties of some solder Materials. .......coevvvvviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 45
Table 2.4 Properties of some underfill materials.........oovvvvvviiiiiiiiiii e 55
Table 2.5 Properties of LOCTITE 3565 underfill. ........ocovviviiiiiiiiiiiiiiiiiiieieeieeeeeeeeeeeeeeeeeee e 62
Table 2.6 Various UBM depoSition PrOCESSES. .....ccvvvvriiiiiiiiieieieieieeeseeeeeeeeeseeeeseeeeeseeessseseseeeeen 64
Table 2.7 Typical UBM systems and their applicable processing techniques. ...........cccccceveeeee... 64
Table 2.8 UBM system for the Dimple Array solder bumping. .........ccvvvvvvvviiiiiiiiieieieieeeieeee, 65
Table 3.1 Power cycling test parameters used by Scheuermann, et al. .........ovvvvvvvvvviiiiiinennnn, 84
Table 3.2 Summary of thermal cycling test SEmMplES. ......oovvvvviviiiiiiiii e 92
Table 3.3 Foci of the thermal cycling and power cycling tests. .......ovvvvvvvviiviiiiiiiiiiiiiieeeeeee 119
Table 4.1 Capabilities and limitations of FEM. ..........cooovviiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee 126
Table 4.2 Material properties used in the FEM analySiS. .......ccoovvvvviiiiiiiiiiiiiieiieieeeeeeeeeeeeeeeee 144
Table 4.3 Visco-plastic properties of eutectic SOIAers..........covvvvvvviiiiiiiiiiiiiiiieeeeeeeee 145
Table 4.4 Comparison of the equivaent creep, plastic and total inelastic strain per cycle. ....... 162
Table 4.5 Strain ranges and the maximum stress at the cold extreme for the no-DBC case and the

LR ] 2 O o= SRR 162
Table 4.6 FEM predictions and experimental results for thermal cycling.........cccccevvvvvevennnnnn. 164
Table 4.7 Prediction of crack initiation time using FEM. .........ccccccviiiiiiiiiiiieeeee 165

XVii



