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ABSTRACT

This research has developed a lead-free semiconductor device interconnect
technology by studying the processing-microstructure-property relationships of low-
temperature sintering of nanoscale silver pastes.

The nanoscale silver pastes have been formulated by adding organic components
(dispersant, binder and thinner) into nano-silver particles. The selected organic
components have the nano-particle polymeric stabilization, paste processing quality
adjustment, and non-densifying diffusion retarding functions and thus help the pastes
sinter to ~80% bulk density at temperatures no more than 300°C. It has been found that
the low-temperature sintered silver has better electrical, thermal and overall
thermomechanical properties compared with the existing semiconductor device
interconnecting materials such as solder alloys and conductive epoxies. After solving the
organic burnout problems associated with the covered sintering, a lead-free
semiconductor device interconnect technology has been designed to be compatible with
the existing surface-mounting techniques with potentially low-cost. It has been found that
the low-temperature sintered silver joints have high electrical, thermal, and mechanical
performance. The reliability of the silver joints has also been studied by the 50-250°C
thermal cycling experiment. Finally, the bonging strength drop of the silver joints has
been suggested to be ductile fracture in the silver joints as micro-voids nucleated at
microscale grain boundaries during the temperature cycling.

The low-temperature silver sintering technology has enabled some benchmark

packaging concepts and substantial advantages in future applications.
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MOSFET
PCB
POL
PZT
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Alternative Current
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Center for Power Electronic Systems
Chip-Scale Package

Coefficient of Thermal Expansion
Direct Bond Copper or Direct Copper Bonding
Direct Current

Differential Scanning Calorimetry
Energy Dispersive Spectrometry
Field-Activated Sintering Technique
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Integrated Circuit

Insulated Gate Bipolar Transistor
Integrated Power Electronic Module
Light Emitting Diode

Metal Oxide Semiconductor Field Effect Transistor
Printed Circuit Board

Power OverLay

Lead Zirconate Titanate

Scanning Acoustic Microscopy
Scanning Electron Microscopy
Thermogravimetric Analysis

Under Bump Metallization

X-ray Photoelectron Spectroscopy



LIST OF FIGURES

Figure 1.1. Top views of the wirebond TO-247 (a) and SO-8 (b) MOSFET packages .................. 3
Figure 1.2. Top view of a wirebond multichip power module ..........cccccoviiiiiiiinie e 4
Figure 1.3. Cross-sectional schematic of power overlay module...........ccocoovviiiieiininie e 5
Figure 1.4. A prototype of power module packaged using POL interconnect technology.............. 6
Figure 1.5. Cross-sectional schematic of embedded power module ...........cccoovieiieiiii e 6
Figure 1.6. An IPEM packaged by the embedded power technology ...........cccooevviiiiininiicncene 6
Figure 1.7. Cross-sectional schematic of a PowerConnect chip-level power package.................... 8
Figure 1.8. Cross-sectional view of a SO-8 Wireless chip-level power package.............cc.ccoceevenee 8
Figure 1.9. Chip-level power packages interconnected by SO-8 Bottomless technology............... 9
Figure 1.10. Schematic of Fairchild Semiconductor’s BGA MOSFET ........ccccceovininiinineieiee 9
Figure 1.11. IR’S FHPFET POWEr MOSFET ......coiiiiiiii et 10
Figure 1.12. Die-dimensional BGA power packages developed in CPES...........ccccceeviiveiennne, 10
Figure 1.13. A Flip-chip on flex integrated power electronics module (a) and its schematic

R (G0 [od (0 =N (o) S PSPP 10
Figure 1.14. A chip-level CopperStrap pOWer PACKAJE. .......cccuveiurerieereereeseeseesiessie e seeesreeseeens 11
Figure 1.15. IR’s DirectFET power package (a) and its cross-sectional schematic (b) ................ 11
Figure 1.16. Gate turnoff high power devices packaged using the press pack technology........... 12
Figure 1.17. Schematic of a pressure-assisted silver paste sintering SEtUP .......c.ccceevvvveerveieernnns 13
Figure 1.18. Technology roadmap of IR’s chip-level discrete power packages ..........ccccevevverenene 14

Figure 1.19. Reduction of die-free package resistance along IR’s chip-level discrete power
package developing FOAAMEAP. ........cviiiiiririer et 14
Figure 1.20. Two-particle geometric model for the initial stage of Sintering.............ccoceevereenennne 18
Figure 1.21. Illustration of agglomeration and aggregation and their effective particle sizes ......23
Figure 1.22. Illustration of densifying and non-densifying diffusions and their sintering results.24
Figure 1.23. Schematic diagram of change in densification rate with temperature. According to
rapid rate sintering theory, the two regimes should corresponding to poor or no densification

(surface) at low temperatures and much more efficient densification (via grain boundary or

lattice diffusion) at high tEBMPEratUIE ...........covoiiiiiiie s 25
Figure 1.24. The SEM micrographs of PZT sintered at 1150°C for 2 hours in air: (a) with the
heating rates of 0.5°C/min and (b) L00CC/MIN ........c.cocviiiiieiieieee e 26

Figure 1.25. Thermal stress distribution in the local position when the MOSFET operating at

94°C in an embedded POWEr MOTUIE ..........ociviieeie e 29

Xi



Figure 1.26. The initial void problems in the reflowed die-attaching solder layers in (a) lead-tin
solder and (b) 16a0-Tree SOIUBK ........ccve e e 30
Figure 1.27. The solder bump failure after thermal cycling. (a) Barrel-shaped solder joints and (b)

hourglass-shaped SOIAEr JOINTS .........ccciiii i nre e 31

Figure 2.1. Functions of the dispersant, binder and thinner in the formulation of nanoscale silver
G2 (PSR 46

Figure 2.2. Thermogravimetric analysis (TGA) curves of the thinner (a) and binder (b) selected
for the silver paste formulation. Heat treatment condition is 10°C/min in air. Note the quick
weight percentage drops at temperatures below 300°C .........ccocoiiiiiiienciee e 47

Figure 2.3. The relationship of the boiling point of fatty acid versus their number of carbon

Figure 2.4. Preparation procedure of nanoscale Silver Pastes...........cccovviirineneiiisienese e 49

Figure 2.5. The weight and volume percentages of the 78 wt.% silver paste (a) and those of the

90 WE.% SIHIVET PASLE (). ..veieiiiiiite e 49
Figure 2.6. Typical temperature profile for sintering nanoscale silver pastes...........cccccvcvreriennen. 50
Figure 2.7. Screen was used for printing resistor Patterns...........cooveveveeieveseese e 52
Figure 2.8. Two electrodes used for the measurement of electrical resistance ..............cccceeueneen. 52
Figure 2.9. Illustration of electrical resistivity determination from printed resistor patterns........ 52

Figure 2.10. The disc-shaped silver specimens prepared by molding and low-temperature
1011 ] 1o SO PP 53
Figure 2.11. IHlustration of the laser-flash eXperiment ............cccccevieiiiiiisi i 54
Figure 2.12. Preparation steps of the sintered sliver band-shaped samples for the tensile tests....55
Figure 2.13. Setup of ComTen tensile test MacChine..........ccccccveiieii i 55

Figure 2.14. Nickel/gold plated copper rods for the preparation of sintered silver joints (a) and

their debonding THUSTFALION ..........coiiiiie e 56
Figure 2.15. The quartz dilatometer used for the CTE measurement...........cccceevvvrierenercnnennnn 56
Figure 2.16. Deformation of a film—substrate bilayer COMpPOSIte...........c.ovvreriieiciiiinceee, 57

Figure 2.17. The optical setup for measuring the curvature of bi-layer composite during thermal
BALING ettt 58

Figure 2.18. The schematic of optical setup for measuring the curvature of bi-layer composite
during thermal NEATING .........ccoiiiii e 58

Figure 2.19. The illustration of the translate relationships in the optical setup during the curvature

L0 (T =T 0 =] T 59

Xii



Figure 2.20. The position sensitive photodetectors used in the curvature determination optical

setup (a) and their position-sensing mechanism (0).........ccccceviveieiiii i 59
Figure 2.21. Preparation steps of the sintered sliver joint sSamples ........cccocoveveveicicic v, 61
Figure 2.22. Nickel/gold (a) and nickel/silver (b) coated AIN DBC and the nickel/silver and

nickel/gold coated copper SUDSIIAtES (C) ...vveiveeieeieiiieiie e 61
Figure 2.23. Ilustration for the stencil printing ProCesS.........cocevveiierieeriee i 62
Figure 2.24. Infineon (a) and CREE (b) SiC devices used to form sintered silver joints.............. 62
Figure 2.25. The sintering profile for achieve high bonding strength in the silver joints ............. 63

Figure 2.26. (a) Die-attached Infineon SiC devices on silver or gold-coated DBC substrates for

the die-shear tests. Arrows indicate the die-attaching cavities where the devices have been

sheared-off. (b) A die-attached CREE device for the cross-sectional inspections................... 63
Figure 2.27. Fixture for the high-power CUrve traCer teStS ........ccoovevererierereee e 64
Figure 2.28. The pulse-echo mode illustration in scanning acoustic MiCroSCOPY .........c.ccoervenen. 65

Figure 2.29. A typical scan SAM image of an Infineon SiC device die-attached silver joint....... 66
Figure 2.30. The die-shear tester for die-shear-off test (a) and illustration for die shear-off (b) ..66
Figure 2.31. A silver joint specimen molded in cured epoxy for polishing and inspection........... 67
Figure 2.32. The die-attached Infineon SiC devices used for the 50-250°C thermal cycling
experiment. From top to bottom: Ag-coated Al,O; DBC, Ag-coated AIN DBC, Au-coated
Al,O; DBC, Ag-coated AIN DBC, and Ag-coated copper SUDSLIates. ........cccceevvevvereieernennnn, 68
Figure 2.33. The Sikama belt reflow oven adapted for the 50-250°C thermal cycling experiment.
The four perpendicular arrows in the middle show the four of the total five slots were set to
be 280°C. The fifth is left for cooling and the last window is for setting the cycling speed.
The two arrows in the lower left corner indicate the two blowing fans for cooling down ......69
Figure 2.34. The temperature profile obtained using the Sikama belt reflow oven .................... 70
Figure 2.35. The fixture and samples used for the 50-250°C thermal cycling........c..ccccccevvenene 70
Figure 2.36. Realization of 50-250°C temperature profile using the Sikama belt reflow oven ....70
Figure 2.37. The loaded sample holders installed in the belt oven during the 50-250°C thermal

cycling. The covering lid was removed for CIarity ... 71

Figure 3.1. The 78 wt.% (a), 84 wt.% (c), and 90 wt.%(d) silver-loading nano- pastes stored in
containers. (b) 78 wt.% silver paste stored in a plastic SYringe ...........ccocevereieinienenenenee 74

Figure 3.2. Good flowability of the commercial microscale silver paste (a) and that of 78 wt.%
NANOSCAIE STIVET PASTE......eueiiieiieieiiete et 74

Figure 3.3. Scanning electron microscopy of as-prepared 78 wt.% nanoscale silver paste .......... 75

Xiii



Figure 3.4. The stencil-printed nanoscale silver pattern on alumina (a) and that on glass (b)
DEFOIE SINLEIING ..ottt e et e e be e et e s re e e e srestaereenre s 75
Figure 3.5. The microstructure changes of nanoscale silver heated up to 200°C (a), 225°C (b),
250°C (c) and 275°C, respectively, during the low-temperature Sintering..........cccoceveeveeevenne. 76
Figure 3.6. Topological image (a) and its two topological profiles (b) of the printed nanoscale
Silver paste DEfOre SINTEMING ......cvciieiicec e e s 77
Figure 3.7. Topological image (a) and its two topological profiles (b) of the printed nanoscale
Silver paste after SINTEIING .......cooiiiie et 77
Figure 3.8. Screen-printed and low-temperature sintered silver patterns on alumina substrates ..78
Figure 3.9. XPS analysis of the as-prepared 78 wt.% silver paste (a) and that of after the low-
temperature sintering (b). Compared (b) to (a), it was found that the carbon and oxygen were
reduced more than 90% during the low-temperature SINtering.........c.cocveevereienienienesereeenes 79
Figure 3.10. EDS analysis of the 78 wt.% silver paste after the low-temperature sintering. Silver
is about 99.77 wt.% after the low-temperature sintering and the rest of the sintered silver is
carbon (~0.23 wt.%). There is no detectable oxygen [eft ... 80
Figure 3.11. Microstructure of the low-temperature sintered nanoscale silver on an alumina

substrate (top surface of a sintered film with thickness about 1 mil). (a) at 10 Kx and (b) 50

Figure 3.12. Microstructures of the low-temperature sintered nanoscale silver (a) by follows the
profile in Figure 2.6 and (b) abrupt sintering, reSPectively........cccoovevveieiieeieiesece e 81
Figure 3.13. Microstructures of the low-temperature sintered nanoscale silver on a silicon
substrate (a) at the silicon-silver interface, and at 1 mil (b) and 4 mil (c) away from the
interface and (d) free sintering case (pill off the baked silver paste film and then sinter). All
sintering profiles follow that Shown in FIQUIE 2.6.........ccoeiveiiiiie i 82
Figure 3.14. Comparison of electrical resistivity of several possible materials for semiconductor
oLV Tt T g =] (o] o] =T od o] SR 83
Figure 3.15. The microstructure evolution of the nano-silver paste before (a) and after (b) the
heat treatment during the electrical resistivity measurement..............ccooverereieisinenenenene 84
Figure 3.16. The microstructure evolution of the microscale silver paste before (a) and after (b)
the heat treatment during the electrical resistivity measurement.............cccccoevviiininiencnenns 84
Figure 3.17. Comparison of electrical conductivity values of the common-used interconnecting
materials with that of the Sintered SHVEr ... 85
Figure 3.18. Data plot of thermal diffusivity of the low-temperature sintered silver versus

TEIMPETATUIE ...ttt r e r et E ettt er e s r e e nae e see e e nnn e 86

Xiv



Figure 3.19. Comparison of thermal conductivity values of the common-used interconnecting
materials with that of the sintered SIHVEr ... 87
Figure 3.20. Comparison of surface microstructures of the polished samples for the thermal
conductivity measurement (a) and those for the electrical conductivity measurement (b)......88
Figure 3.21. A typical stress-strain curve of the sintered silver in the tensile test ...........c.cccoee.. 89
Figure 3.22. Comparison of elastic modulus values of common-used interconnecting materials
With that of the SINTEred SHIVET ..o e e 90
Figure 3.23. A typical thickness change-temperature curve of the quartz dilatometry test .......... 90
Figure 3.24. A finite element analysis shows that the sintered silver induces less thermal stresses
than those Of gOId-TiN SOIAET. .......cviiiii e 91
Figure 3.25. The date plot of the position changes in the photodetector versus the scanning
distance from the Curvature eXpPerimeNt..........cooviiirerireree e 92
Figure 3.26. The organic components are more difficult to burn out in covering case (b) than in
tE OPEN-GIT CASE () +.vvverveveeeiee ettt bbbttt bbb nne s 95
Figure 3.27. Low-temperature sintered silver at half-inch thick rod surfaces after debonding.....95

Figure 3.28. The comparison of the microstructures of unsintered silver (a) with those of sintered

SHIVEE (D) 1.t e re et reane et e 95
Figure 3.29. The silver sintering die-attached power IGBT with a size of 8.91x7.22 mm? (a) and
(LIS Y AN\ W= To TN (o) USSP 96

Figure 3.30. The 78 wt.% (a) and 84 wt.% (b) silver paste sintering under the 4x4 mm? glass
slide coverage after 10-min dwell sintering at 300°C.........ccccoviiviiiii i 97
Figure 3.31. The 84 wt.% silver paste sintering under a 6x6 mm? glass slide (a) and that under a
a 3x3 mm? glass slide coverage after 5-min dwell at 300°C ...........cccovevreeeeeeieeeeseeeeseeeeen. 97
Figure 3.32. lllustration of using small patterns for the enhancement of organic burnout and paste
sintering for large area SilVer BONAING .........cccv i 98
Figure 3.33. The sintering profile for achieving enhanced sintering and high bonding strength for
the silver joints With Size 4X4 MM? OF UNGET ..........ovvvieiveeeieeeeeee e ene s 99
Figure 3.34. Forward (a) and reverse (b) 1-V curves obtained from the Infineon devices. Dashed
curve in (a) is due to the teSt FIXIUIE........coveviiii s 100
Figure 3.35. Forward (a) and reverse (b) I-V curves obtained from the CREE devices. Dashed
curve in (a) is due to the teSt FIXIUIE........ooiiiiiicic s 100
Figure 3.36. SAM images of the sintered silver joints between the SiC devices and the gold-
coated DBC substrate. (a) from the Infineon devices measured of 1.706 x 1.38 mm? and (b)
from the CREE devices measured of 2.26 X 2.26 MM? ...........cccovvvereirseseeseeseeseeeeneeeseneneas 101

XV



Figure 3.37. The initial void problems in the reflowed die-attaching solder layers (a) lead-tin
solder and (b) 16ad-Tree SOIUEN ........coiiiii e e 102

Figure 3.38. The bonding strength development versus the sintering dwell time....................... 103

Figure 3.39. Microstructures of the debonded sintered silver joints on the silver-coated SiC
devices after dwelling sintering at 300°C for (a) 10 mins, (b) 20mins, (c) 40mins, and (d) 60

10T T O OO VPP PP OPTPPROPP 103
Figure 3.40. The comparison of the shear strength of the low-temperature sintered silver with
that of the refloWed SOIAEN .......cc.o o 104

Figure 3.41. Optical microscopy pictures of one of the sheared-off Infineon SiC device (a) and
the corresponding die-attach cavity on the gold-coated DBC substrate (b). The arrows in (b)
indicate the debonding areas from the gold-silver interface ...........cc.coeveiiiiiiiiiice 104

Figure 3.42. Optical microscope pictures of the cross-section of the sintered silver joints ........ 105

Figure 3.43. Scanning electron microscope pictures of the cross-section of the sintered silver

[T TSSO TP TP U PP SURPRPRUPPTPPPON 106
Figure 3.44. An alumina DBC substrate broken from the alumina layer between 100-200 cycles

switching from 50°C 10 300°C........oouiiiiiiiieirer e 108
Figure 3.45. Another alumina DBC substrate broken from the alumina layer between 500 to 1000

cycles switching from 50°C t0 250°C........ccocveiiiiicice e 109
Figure 3.46. The temperature profile obtained using the Sikama belt reflow oven .................... 109

Figure 3.47. The SAM images of the sintered silver joints on nickel/silver-coated AIN DBC after
0 (a), 1000 (b), 2000 (c), 4000 (d), 6000 (e), and 8000 (f) thermal cycles, respectively....... 110
Figure 3.48. SAM images of the sintered silver joints on nickel/gold-coated Al,O; DBC after 0
(a), 1000 (b), 2000 (c), 4000 (d), 6000 (e), and 8000 (f) thermal cycles, respectively.......... 111
Figure 3.49. The debonding of the eutectic lead-tin solder joints after 875 temperature cycles
between -55—150°C. The enclosed area indicates the initial extent of the solder joints......111
Figure 3.50. The SAM images of the sintered silver joints on nickel/silver-coated copper
substrates after 0 (a), 500 (b), 1000 (c), and 2000 (d) thermal cycles, respectively .............. 112
Figure 3.51. Changes of shear strength of the low-temperature sintered silver joints on
nickel/silver-coated DBC substrates during the temperature cycling experiment................. 112
Figure 3.52. Changes of shear strength of the low-temperature sintered silver joints on
nickel/gold-coated DBC substrates during the temperature cycling experiment................... 113
Figure 3.53. Changes of shear strength of the low-temperature sintered silver joints on

nickel/silver-coated copper substrates during the temperature cycling experiment .............. 113

XVi



Figure 3.54. EDS analysis of the silver joints before (a) after (b) the 8000 50—250°C thermal
cycles. Silver is about 99.8 wt.% and the rest component is carbon. There is no detectable
oxygen element before and after thermal CYCIES.........ccovveviiiiieicie e 114

Figure 3.55. Microstructures of the debonded sintered silver joints on the silver-coated SiC
devices after (a) 0, (b) 2000, (c) 4000, and (d) 6000 cycles. The silver joints were debonded
from the nickel/silver aluminum-nitride DBC SUDSLIates ..........ccoceeviiirinieieciee e 115

Figure 3.56. Microstructure changes of the debonded sintered silver joint surfaces after 4000
thermal cycles. The silver joints were debonded from the nickel/silver aluminum-oxide DBC
SUDSETALES. ...ttt sttt ettt e et n ettt e e e et Rt e bt eRe et e ereeRe e teereeneenaeas 115

Figure 3.57. The deformation-mechanism map for pure silver, established for a critical strain rate

Figure 3.58. w-type cavitation at a grain-boundary triple point (a) and r-type cavitation at a grain

boundary NOrmMal t0 the SIFESS XIS ......ueviiirierieiieeie st ee e se e e e sre e e nne e 118

Figure 4.1. The solder die-attaching and wire-bonding technology (a) versus the low-temperature
silver sintering teChNOIOGY (1) .....oove e 123

Figure 4.2. The IXYS bare dies used for single-chip power packaging demonstration. (a) Bare
power IGBTSs with type # of IXSD35N120A,; (b) Bare power IGBTs with type # of
IXSDILTB5 ...ttt bbb bbbttt 123

Figure 4.3. The fabrication steps for the silver jointed single-chip power packages .................. 124

Figure 4.4. The stencil masks and fixtures used for stencil-printing silver paste. (a) The stencil
pattern designed for the IXSD35N120A bare dies, and (b) the pattern for the drain terminals
OF the SHIVET JOINES ...eveee e et e re e e snee s 125

Figure 4.5. The IXSD35N120A bare dies after the sputtering metallization and low-temperature
sintering of stencil-printed silver paste on the gate and source terminals. The top middle
square is for gate and other Six are for the SOUICE..........ccueiiiieieiiie e 125

Figure 4.6. The IXSD1765 bare dies after the solder mask deposition to protect the exposed gate
fingers. Note that the IXSD1765 dies are already metallized nickel/silver at the open

windows for the gate and SOUrce termMINAIS..........cccooveviiiiiiie e 125
Figure 4.7. The etched and nickel/gold coated DBC substrates for the IXSD35N120A dies (a)

and those for the IXSD1765 di€S (10) ...cveveiiiiiiiieieeee s 126
Figure 4.8. Flip die-attached IXSD1765 on the nickel/gold coated DBC substrate.................... 126

Figure 4.9. The stencil-printed silver paste patterns on nickel/silver coated DBC substrates (a)

and those after the low-temperature Sintering (D) .......c.cooerereininiieeee s 127

XVii



Figure 4.10. The finished single-chip power packages for the IXSD35N120A devices (a) using
the nickel-gold plated DBC substrates and (b) the nickel-silver plated DBC substrates....... 127
Figure 4.11. The IXSD1765 dies with the drain terminals interconnected to nickel-gold coated
(oT0] o] o L=T ot VT 128
Figure 4.12. Comparison of the commercial wire-bonded single-chip power package (left, TO-
247 power package) with the low-temperature sintered silver joint power package (right)..128
Figure 4.13. lllustration of a high-temperature integrated power electronics module bonded using
low-temperature SINtEred SHIVEN..........ooeii e e 129
Figure 4.14. FEM thermal modeling of the temperature distributions in our proposed LED
package versus the flip-Chip LED PaCKagE .........ccccviiriirieieieisise e 130
Figure 4.15. FEM modeling of thermomechanical stress distributions in the packaged LED
devices versus that in the flip-chip LED device during operation (the stress-free state was
assumed to be at the respective die-attach temperatures) ...........ccocevererereisinine e 131
Figure 4.16. Low-temperature sintered silver die-attached LEDs. The two white parts are
dispensed-silver after low-temperature sintering and the two blacks squares are two die-
ALEACNEU LEDS........ci ittt ettt e st et e b e steeneestesneeaesteetesteesaeneenee s 131

Figure 5.1. TGA curves of microscale Ag,O (a) and AgO (B).....cocovvvvrveieieeiere e 136

xviii



LIST OF TABLES

Table 1.1. Pros and cons of various chip-level interconnect technologies........c...cccooevievieiinnnnnn. 13
Table 1.2. Sintering mechanisms in polycrystalline and amorphous solids...........cc.ccccceeevirrnnee. 17
Table 1.3. Values for the constants m and n in Equation 1.1 .........cccooiiiii i 19
Table 1.4. Pros and cons of various chip-level interconnect technologies.............ccocevvivniernnee. 27

Table 2.1. The properties of two types of SiC Schottky rectifiers obtained from industry. Data
from Infineon and CREE datasheets, respectively (under the condition of T; = 25°C) ................. 63

Table 3.1. The values of specific heat of the sintered nanoscale silver paste at different
temperatures. Tabulated data has been compared to reference data for sapphire.................... 86
Table 3.2. Thermal properties of the sintered nanoscale silver paste and those of bulk silver .....87
Table 3.3. The determined curvature and stress values from the curvature experiment ............... 92
Table 3.4. The mechanical property values of the sintered silver films and silicon substrates.....93
Table 3.5. Property comparison of some commonly used solder alloys with our low-temperature
SINTEIEU SHVEE PASIES .....veeiieeiiic e et et e st e ere e e seeesee e steesreesneesneenneas 94

Table 3.6. The static curve tracer test results of the two types of SiC devices...........cccecevvrnnnene 101

Xix



Chapter 1

Introduction

Electronic packaging provides electrical connection or isolation, thermal cooling,
mechanical support, and physical protection for power electronic components that make
up the circuits. Therefore, the overall performance of a single-chip power package, a
multichip power module as well as a whole power system is not only determined by the
electrical components and the circuit layouts, but also affected by their packaging
technology. Over last twenty years, industrial and academic research efforts on electronic
power conversion are making the move toward high-frequency synthesis, which results in
great improvement in converter performance, miniaturization in physical size and
reduction of mass weight and loss. It is pushing the limits of existing power packaging
and thermal management technology. On the other hand, wide-bandgap semiconductors
such as silicon carbide (SiC) based electronic devices and circuits are presently being
developed for advantageous use in high-temperature, high-power, and/or high-radiation
conditions. The applications of SiC pose another significant challenge for packaging of
these electronic devices. The conventional technology for interconnecting power devices
typically involves die-attaching one terminal of the semiconductor die to a heat-sinking
substrate with solder alloys or conductive epoxies and wirebonding fine aluminum or
gold wires to the other terminal(s). Such an interconnect technology is not able to meet
the high-temperature operating requirement of the wide-bandgap devices. It is device
interconnecting and packaging technology the dominant technical barrier that currently
limits the rapid growth of power electronics. New interconnecting materials and
technologies are needed before high-temperature devices and circuits can be scaled-up
and reliably incorporated into power electronic systems.

The sintering of powder compacts has been widely applied in microelectronics for
making hybrid circuits, cofired multilayer metal/ceramic interconnecting substrates,

multilayer ceramic capacitors, magnetic components, and etc. Since the conventional



sintering normally requires a temperature that may be substantially higher than the
maximum temperature a semiconductor device can tolerate, any means of lowing the
sintering temperature is desirable and necessary for the successful implementation.

This research presents a new semiconductor device interconnect technology using
low-temperature sinterable nanoscale silver pastes for electronic packaging applications.
First, the silver pastes were formulated through a metal colloidal/paste process with the
aid of cutting-edge nanotechnology. Then a new power device interconnect technology
was developed and the reliability of the low-temperature sintered silver joints was
evaluated and their failure mechanisms were discussed. Finally, the potential applications
of the technology were demonstrated at conceptual levels.

1.1 Overview of Power Electronic Packaging

Hierarchically, electronic packaging begins from the interface of a semiconductor
chip itself--which is considered as the first-level or chip-level packaging--to higher levels
of packaging such as board-level and system-level packaging. Chip-level packaging deals
with the attachment of one or more bare chips to a substrate, the interconnection from
these chips to package leads, and encapsulation. In power electronic systems, the first-
level chip interconnection plays a vital role because it directly interfaces with the power
chips that contain millions of transistor circuits not only electrically but also thermally
and mechanically. It has to fulfill very different requirements compared with those for
microelectronic integrated circuit (IC) chips. Firstly, since power devices typically
operate at high switching frequencies, parasitic noises must be reduced in order to
maintain a high level of circuit performance and efficiency. Secondly, compared with I1C
interconnections, larger cross-sectional areas and current-handling capabilities are needed
in power interconnections because the flowing current increases by several orders of
magnitude. Furthermore, the increased power density drives the first-level packaging to
improve its roles in heat dissipation and thermal management. At last, the reliability of
the first-level power interconnections is essential to ensure the electronic systems to have

an extended lifetime.



1.1.1 Current Chip-Level Interconnect Technologies

A. Wirebond

The traditional chip-level interconnect technology in power electronics is
wirebond. This is primarily due to the fact that the technology can easily accommodate
changes in package design with the minimum modification of facilities and lowest cost
per interconnection. The flexibility and the low cost combined with a continuous effort in
reliability improvement indicate that wirebond will continue to be the prominent method
for chip-level interconnections [1].

In a typical single-chip package, the source and gate terminals are connected from
the aluminum chip bonding pads to nickel-plated copper leads. The chip and wirebonds
are encapsulated with molding compound for insulation, mechanical support and
protection. Figure 1.1(a) shows a wirebond transistor-outline package (TO-247) and (b)
shows the famous small outline package (SO-8) with the top molding hidden for clarity.

The die-attachment of the devices is connected by solder reflow.
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Figure 1.1. Top views of the wirebond TO-247 (a) and SO-8 (b) MOSFET packages.

In a wirebond multichip power module, a direct bond copper (DBC) substrate (see
Appendix A) is usually used for attaching the switching devices. The die-attach material
is usually solder. Aluminum wires ranging from 5 to 20-mil (125-500 pum) thick are used
to connect power chips and conductor leads (or traces) at the periphery of the power
module. In order to achieve high current capability, several power chips may be used in
parallel and connected by tens or even hundreds of aluminum bonding wires, as shown in

Figure 1.2.



The ultrasonic bonding is the most common method for wirebond process. The
aluminum wires are bonded to aluminum metallization on chip pads without use of a heat
source. During the process, an aluminum wire is first passed through a hole in a capillary.
By applying a continuous downward force and ultrasonic horizontal rubbing (60 to 120
kHz) of the wire to the bonding surfaces, the aluminum wire plastically deforms and
breaks the aluminum oxide layers to allow a pure aluminum-to-aluminum contact. After
the first bond, the bonding machine forms a second bond between the wire and the

nickel-plated copper substrate to finish a bond cycle.

Figure 1.2. Top view of a wirebond multichip power module.

In a wirebond power package, the wirebond and the top-metal-sheet resistances
contribute about 90% of the packaging resistance. They are the primary contributors to
electrical and thermal losses from packaging. The wirebonds also have significant
parasitic inductance at high frequencies and they are one of the causes of failure.
Therefore, several alternative chip-level interconnect technologies have been developed

to eliminate the bonding wires.

B. Deposited metallization
One of the wirebond-free interconnect technologies is the metal deposition
method. In this method, device interconnections are constructed with metals (usually
copper) that are deposited directly on the device electrodes. The deposited metals form
power and signal linkages from power chips to the rest of the circuit. The metal
deposition covers both physical (sputter and e-beam) and chemical (electroplating and
electroless-plating) ways. Since metal deposition could be processed in parallel, the



technology has advantages in making multichip power modules. Representative
packaging schemes using deposited metallization include General Electric’s (GE’s)
power overlay (POL) [2] and the embedded power developed in the Center for Power
Electronics Systems (CPES) [3].

The POL technology proposed by GE eliminated wirebonds through the use of
metallized copper via holes in a polyimide film. As shown in Figure 1.3, POL has a
multilayer structure, which includes power semiconductor devices soldered to a DBC
substrate from the backside, the polyimide dielectric layer, and the deposited copper on
the topside. Differences in device thickness are compensated by copper-tungsten or

molybdenum shims.

Emitter Bond Pad Cu Metallization

Dielectric Layer

-—— DBC Substrate _
Cu Post Cu Shim Silica Filled Epoxy
Figure 1.3. Cross-sectional schematic of power overlay module [2].

The fabrication process of GE’s POL power module starts with laser-drilling or
mechanical punching of via-holes in a polyimide film. Power devices are then attached to
the bottom side of the polyimide film using a special adhesive with the device electrodes
accurately aligned with the via-holes. Next, topside of the whole assembly is metallized
with titanium, nickel and copper using sputtering and electroplating process. The
sputtering of titanium, nickel and copper is similar to the under bump metallization
(UBM) schemes used in the IC packaging. Proper circuit patterns are then formed
through wet-etching of the deposited metal layers. After cleaning, the devices along with
the left copper/polyimide layers are solder-attached to an etched DBC substrate. A final
step of silicone gel-filling is needed to protect devices from moisture. Figure 1.4 is a top
view of a prototype POL converter module fabricated in CPES at Virginia Tech. Because
the process can be realized by fine resolution photolithography, the POL interconnect
technology is capable of achieving high density interconnections with via-hole diameter
down to 0.25 mm (10 mil).



Figure 1.4. A prototype of power module packaged using power overlay interconnect technology.

Another interconnect strategy using the metal deposition method is called
embedded power [3]. Different from the POL, which uses the polyimide films, the
embedded power applies ceramic substrates and screen-printed dielectric materials.
Figure 1.5 shows a cross-sectional schematic of an embedded power module. There are
three major parts in the structure: the control circuit on the top, the embedded power
stage in the middle, and the base substrates at the bottom. The core element in the
structure is the embedded power stage constructed by the laser-cut ceramic frames, the
inserted power chips, the dielectric fillings and the deposited metallization layers.

Figure 1.5.




The metal deposition process in embedded power is similar to GE’s POL. Figure
1.6 shows an integrated power electronics module (IPEM) packaged by the embedded
power interconnect technology.

Generally speaking, the electrical performance and efficiency of a deposited
metallization power module are significantly improved compared to a wirebond power

module mainly due to the reduction of packaging inductance.

C. Solder interconnections

Solder interconnection is another effective strategy to get rid of wirebonds.
Actually either in a wirebond or in a deposited metallization (both POL and embedded
power) power package, solder reflow is already used for attaching power chips onto
metallized substrates. In some other power packages, solder is not only used for the die-
attachment, but also used for the interconnections of the top electrodes (gate and source)
of the power chips. These technologies are usually referred to solder interconnections.
The origin of solder interconnections dates back to the early 1960s, which is known as
the IBM’s controlled collapse chip connection (C4) technology [4]. In recent years, there
was a continuous progress to apply more solder interconnections in power electronics.
Follows we introduce several power packaging concepts that utilize solder
interconnections.

Vishay Siliconix has developed a PowerConnect technology to replace the
traditional wirebonds with direct interconnections between the die and the copper
leadframe, as shown in Figure 1.7 [5]. To accomplish the solder interconnections, the top
surface of the power MOSFET was made solderable by developing a nickel-based
metallization on top of the aluminum pads. The leadframe can be attached to both the
bottom and top surfaces of the die. It is reported that the resistance contribution by the
interconnections has been cut down to less than 1 mQ, thereby doubling the current
capability of the low-voltage MOSFET in an SO-8 package. The power dissipation has
also been enhanced. However, reliability is a big concern in the PowerConnect structure
because of the coefficient of thermal expansion (CTE) mismatch between the large-area
copper leadframe and the silicon die.

To mitigate the reliability concerns due to the large-area interconnections between
CTE mismatched copper and silicon, Fairchild Semiconductor developed a SO-8 wireless



package [6] use solder bumps to reduce the interconnect resistance and improve heat
transfer. The package outline is the same as the conventional SO-8 package as shown in
Figure 1.8. The majority of heat is still conducted through the bottom drain leadframe

while the solder bumps can also be served a heat path.
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Figure 1.7. Cross-sectional schematic of a PowerConnect chip-level power package [5].
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Figure 1.8. Cross-sectional view of a SO-8 Wireless chip-level power package [6].

Wireless versions of the SO packages reduce the package resistance but do not
significantly improve the thermal performance. Fairchild Semiconductor’s Bottomless
package as shown in Figure 1.9 [7] accomplishes both goals simultaneously by
eliminating the bottom drain leadframe and allowing the solderable backsides of the
MOSFET die to directly contact printed circuit board (PCB) substrates by solder reflow.
The top source leadframe keeps the same as in the Wireless and still uses solder bumps
for interconnection. As a result, package resistance is further reduced and it can handle
60% more current than the same die in a conventional SO-8 package. It is also reported
that the Bottomless reduces the junction-to-case thermal resistance below 1°C/W, which

is a dramatic improvement from 25°C/W in a conventional SO-8 package.



Figure 1.9. Chip-level power packages interconnected by SO-8 Bottomless technology [7].

In 1999, Fairchild Semiconductor introduced new low-Rps(on) power MOSFETS in
the form of solder ball grid array (BGA) chip-scale package (CSP) [8]. To overcome the
drawbacks in a traditional package, Fairchild Semiconductor encased the low-voltage
MOSFET in a fine-pitch BGA for flip-attachment of the CSP onto a PCB substrate using
the surface mount technology. Figure 1.10 shows the structure of a BGA power
MOSFET package. By allowing direct connection using solder balls, BGA MOSFET
eliminates the undesired parasitic contribution from wirebonds or leadframes.
Furthermore, BGA MOSFET is only 0.7-mm high and it consumes less than 50% the
PCB area for a conventional package. Its unique design and construction allow heat to
dissipate directly from the die to the PCB board through the solder balls. As a result,
BGA MOSFET offers a 35% reduction in on-resistance over the Wireless SO-8 package

and improves heat dissipation over 175% compared with the Wireless SO-8 package.
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Figure 1.10. Schematic of Fairchild Semiconductor’s BGA MOSFET [8].
In 2000, International Rectifier Corporation (IR) introduced a true CSP called
FlipFET, in which all of the terminals are on a single side of the die in the form of solder
bumps [9]. Figure 1.11 shows a FlipFET power MOSFET package. FlipFET combines

the latest die design and wafer level packaging technology to make 100% silicon-to-



footprint ratio possible. Thus, FlipFET is advantageous for advanced portable power
application such as digital cameras, MP3 players and cell phones.

Researchers in CPES have also developed a CSP structure termed as the Die-
Dimensional BGA (D’BGA) [10]. Figure 1.12 shows a power MOSFET constructed
using the D’BGA interconnect technology. The D’BGA power devices have been
successfully applied in the Flip-Chip on Flex IPEMs as shown in Figure 1.13 and better
electrical performance has been achieved than the conventional wirebond power
modules[11].

Figure 1.12. Die-dimensional BGA power packages developed in CPES [10].

Integrated Communications, Gate Drives and Prote ction

T/ \
Solder Adhesive
bump Encapsulate Undorfill

(b)
Figure 1.13. A Flip-chip on flex integrated power electronics module (a) and its schematic
structure (b) [11].
Other power packaging structures making use of the solder interconnections with
some modifications include Harris Semiconductor’s ThinPack [12] and CPES’ Metal

Post Interconnect Parallel Plate Structures (MPIPPS) [13].
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D. Conductive epoxy interconnections
IR’s CopperStrap as shown in Figure 1.14 [14] replaces the wirebonds that
connect the source to the leadframe with a solid strap that covers the surface of the die.
Different from Vishay Siliconix’s PowerConnect, silver-filled conductive epoxy is used
to attach the copper straps to aluminum pad surfaces of the power dies. Because the
conductive epoxy has a much lower elastic modulus than solder and it serves as a stress
buffer layer, thermal stresses caused by the CTE mismatch of the copper strap and silicon

is reduced dramatically. However, there is a payment for higher packaging resistance.

(a) (b)
Figure 1.15. IR’s DirectFET power package (a) and its cross-sectional schematic (b) [15].

Aiming at reducing footprint size and increasing performance, IR released another
interconnect technology called DirectFET [15]. Same as that in the CopperStrap,
DirectFET uses conductive epoxy that directly mounts a power device into a copper
“can” and applies patterned solderable areas for flip-mounting as shown in Figure 1.15.
Combining a proper passivation system, a surface mountable package with ultra-low
profile is realized. It has only 1/20 junction-to-case thermal resistance compared with the
wirebond SO-8 package. DirectFET is among the first commercial packaging

technologies which has the double-sided cooling capability.

E. Press pack
Another interesting wirebond-free interconnect technology is the press pack
interconnections that was originally developed by Fuji, Toshiba and ABB [16]. The

structure has been applied to high power devices such as diodes and gate turnoff
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thyristors as shown in Figure 1.16 with proven reliability. Molybdenum is usually applied
for less CTE mismatch.

Figure 1.16. Gate turnoff high power devices packaged using the press pack technology [16].
SemiKron International’s SkiiPPack [17] is another example using the press pack
technology. One of the disadvantages of the interconnect technology is its expensive
manufacturing cost involved with precise machining and planarization. Therefore, the

press pack technology is only proposed for extremely high power packages so far.

F. Pressure-assisted silver sintering

Silver paste sintering has been widely used in microelectronic packages due to the
high electrical and thermal performance of silver [18-20]. However, the paste containing
microscale silver powders requires high sintering temperatures (>500°C) that are beyond
what semiconductor devices can withstand. Studies [21 - 24] showed that the application
of external pressure can lower the sintering temperature of silver pastes. Figure 1.17
shows schematically one of the setups for low-temperature sintering of microscale silver
paste with the assistance of external pressures. Compared with the solder reflow
interconnection, pressure-assisted silver sintering has the advantages such as more
environmental friendly due to the lead (Pb)-free materials, more uniform interconnecting
layers, better electrical and thermal performance, and higher reliability. However, similar
to the press pack, the application of external pressure tends to complicate the
manufacturing process and thus increases the cost.

Other technologies are also being tried to lower the processing temperatures of the

silver joints but they are still not fully developed [25].
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Figure 1.17. Schematic of a pressure-assisted silver paste sintering setup [26].

1.1.2 Summary of Current Chip-Level Interconnect Technologies

In power electronic packaging, it is unlikely to come out a universal chip-level

interconnect technology that can cover all the applications from the low-power levels to

the extremely high-power levels. Each interconnect technology has pros and cons as

summarized in Table 1.1. Therefore, various types of power packages are found in

nowadays power electronic market.

Table 1.1. Pros and cons of various chip-level interconnect technologies.

Interconnect Interconnect Advantages Disadvantages Application
technologies materials examples
Wirebond Pure Al wire High flexibility; Large packaging Still dominant power
or Al wire with | Low cost; parasitics; packaging
1% silicon or Improved reliability Poor thermal technology
Au wire management;
Hard for integration
Metal Ti, Ni, Cr, Cu, | 3-D integrated High parasitic Multichip power
deposition Ag, Mo, Au, structure; capacitance; modules such as
etc. Better electrical and High cost due to GE’s POL and
thermal performance sputtering and CPES’ embedded
machining; power
Reliability concerns
Solder Lead-tin or 3-D integrated Reliability concerns | PowerConnect;
interconnections | lead-free or structure; on large-area Wireless;
high- Better electrical and soldering; Bottomless;
temperature thermal performance; | Possible lead FlipFETSs;
solders High Si-to-board ratio | contamination BGA,
D’BGA
Conductive Silver or gold | 3-D integrated Incapability of high- | CopperStrap and
epoxy curing filled structure; temperature DirectFET
conductive Better overall packaging;
epoxies performance; Low electrical and
High reliability thermal conductivity
of the materials
Press pack N/A Better overall High cost Only for extremely
performance high-power
Pressure- Microscale Much better overall Not mature Only for large-area
assisted silver silver pastes performance technology; contacts such as die-
sintering High cost attachment
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Admittedly, one can see several clear development trends among the incredible
abundance through the fast growth of chip-level interconnect technologies.

One of the trends is moving toward higher silicon-to-footprint ratio. For instance,
Figure 1.18 shows the discrete power package development roadmap from IR, one of the
major power management product vendors. From a merely 10% silicon-to-footprint ratio
of SOT-89 in 1985, the number has reached to 100% in today’s chip-scale package
thanks to flip-chip solder bump technology.
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Figure 1.18. Technology roadmap of International Rectifier’s chip-level discrete power packages.
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Figure 1.19. Reduction of die-free package resistance along IR’s chip-level discrete power
package developing roadmap.

Another clear trend in chip-level power packaging is the continuous reduction of

die-free package resistance (DFPR) as shown in Figure 1.19. Compared with the
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conventional wirebond SO-8 discrete power package, the DFPR of recent DirectFET has
reduced from about 1.5 mQ to less than 0.1 mQ.

The third trend needs to pay attention to is the thermal management, since power
chips are generating lots of heat during their operation. Similar as the electrical
resistance, continuous reduction of the thermal resistance also happens. For example,
compared with the conventional wirebond SO-8 discrete power package, the silicon to
ambient thermal resistance Ri-a Of the recent DirectFET reduces from about 30°C/W to
less than 10°C/W thanks to the advanced packaging technologies and the double-sided
cooling method.

At last, reliability of the chip-level interconnections must be considered and
evaluated so as to deliver a robust power package that can meet the custom requirements.
Strategies have been taken to enhance the reliability of the interconnections whenever
possible.

In general, chip-level interconnections are vital components which connect
semiconductor devices with the rest of the power systems. Different from microelectronic
packages, power electronic packages handle and control electromagnetic energy
conversion and transportation instead of signals. A good chip-level interconnect
technology for power electronic packaging should meet all the package requirements on
integration (silicon-to-die ratio, profile and power density), electrical performance and
efficiency, thermal management (power dissipation and junction temperature), reliability
(operation life and robustness), and processing complexity (cost objectives). Furthermore,
power packages need to accommodate special demands in some applications such as
higher operating temperatures or high radiations. The packaging technologies address

issues from all of the aspects have better opportunities to stand out.

1.2 Overview of Sintering Theory

Sintering of powder compacts is a process used over thousands of years for
making ceramic tools. Today, sintering is employed in a diverse range of products that
include rocket nozzles, ultrasonic transducers, automobile engines, semiconductor

packaging substrates, and dental implants. There have been considerable research
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activities in the materials community aiming at understanding the physics of sintering
through the establishment of the connection between controllable variables, such as

pressure, temperature, gaseous atmosphere, and particle size [27].

1.2.1 Sintering Mechanisms

Sintering is usually classified into several types based on the mechanisms that are
thought to be responsible for shrinkage or densification. Sintering proceeded by solid-
state diffusion falls under solid state sintering. Polycrystalline materials are usually
sintered by this process. On the other hand, amorphous materials are sintered by viscous
flow and are considered to undergo viscous sintering. Another type of sintering that
makes use of a transient second phase that exists as a liquid at the sintering temperature is
known as liquid phase sintering [28,29]. The liquid phase under the right conditions can
provide a path for rapid transport and, therefore, rapid sintering. Finally, processes that
make use of an externally applied pressure to enhance densification are classified under
pressure assisted sintering.

The entire sintering process is generally considered to occur in three stages
[30,31]: initial stage, intermediate stage, and final stage. There is no clear-cut distinction
between the stages since the processes associated with each stage tend to overlap each
other. However, some generalizations can be made to distinguish one stage from the next.
In the initial stage, particles can be rearranged into more stable positions by rotating and
sliding in response to the sintering forces. This contributes to shrinkage and an overall
increase in density. During particle rearrangement, there is an increase in interparticle
contact, enabling the formation of necks between particles. Neck formation and growth
can take place by diffusion, vapor transport, plastic flow, or viscous flow. The initial
stage is assumed to last until a neck radius of around 0.4 to 0.5 of the particle radius is
attained. The intermediate stage is considered to begin when the pores have attained their
equilibrium shapes as dictated by surface and interfacial energies. Because the density
remains low at this point, the pores are still continuous or interconnected. Densification is
assumed to take place by the reduction in cross section of the pores. Eventually, pores
become unstable and are pinched off from each other, leading to the final stage of

sintering. Of the three stages, the intermediate stage covers the majority of the sintering
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process. The final stage covers the elimination of the isolated pores until the theoretical
density is reached. This stage is also characterized by grain growth in which the larger
grains tend to increase in size at the expense of the smaller grains. The extent of grain
growth is dependent on both the material and the sintering condition.

Polycrystalline materials generally are sintered by diffusional processes while
amorphous materials densify by viscous flow. The driving force for all the mechanisms is
the tendency of the material to reduce its chemical potential or energy. This is
accomplished by material transport from regions of high energy to regions of lower
energy. Surfaces, interfaces and grain boundaries have associated energies that depend on
surface or boundary curvature. By eliminating or minimizing these surfaces or by
reducing their curvature, the overall energy of the material is reduced. There are at least
six different mechanisms of sintering in polycrystalline materials and they are
summarized in Table 1.2. Only volume diffusion of matter from the grain boundaries or
from dislocations in the neck region can produce densification. The other mechanisms,
though, cannot be ignored because they can reduce the neck curvature and thus the

driving force and the densification rate.

Table 1.2. Sintering mechanisms in polycrystalline and amorphous solids [30,32].

Type of solid Mechanism Source of matter | Sink of matter | Densifying
Polycrystalline | Surface diffusion Surface Neck No
Lattice diffusion Surface Neck No
Vapor transport Surface Neck No
Grain boundary diffusion | Grain boundary Neck Yes
Lattice diffusion Grain boundary Neck Yes
Lattice diffusion Dislocations Neck Yes
Amorphous Viscous flow Unspecified Unspecified Yes

1.2.2 Theoretical Analysis of Sintering

Several approaches have been used to analyze sintering. These include the scaling
laws [33], analytical models, empirical or phenomenological equations, and statistical
and numerical techniques. Sintering models are often simplified and idealized
representations of the particles in a sintering body. It was necessary to assume an
idealized structure of the powder system to facilitate the mathematical analysis of what
are clearly complex phenomena. Therein lies the problem with these analytical models
because real systems are far from being ideal. In these models, the particles are assumed
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to have a spherical shape and the same size and are uniformly packed. A unit of the
powder, referred to as the geometric model, is then taken to represent the entire system.
For the assumed model, the sintering equations are then obtained by formulating the
corresponding mass transport equations and solving them using the appropriate boundary

conditions.

(a) (b)

Figure 1.20. Two-particle geometric model for the initial stage of sintering [32].

In the analysis of the initial stage of sintering, a model consisting of two equal
sized spheres of radius R that are in contact is usually assumed [32,34]. The models for
densifying and non-densifying mechanisms are slightly different to reflect the changes
that arise from the mechanisms concerned. The geometrical models are shown in Figure

1.20. The equation for neck growth can be expressed in the general form [34 -37] of

m

X _H

R R

(1.1)

where X is the radius of the neck formed between the particles, m and n are constants that
depend on the mechanism involved, H is a coefficient characteristic of the mechanism,
and t is the time. The equation for neck growth by viscous flow was first derived by
Frenkel [38]. Table 1.3 summarizes the coefficients and constants for the various
mechanisms.

The geometrical model for intermediate stage sintering of polycrystalline
materials is different from that of amorphous systems. The model that is most commonly

used was proposed by Coble [39], where he derived equations for lattice and grain
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boundary diffusion. The powder compact is assumed to consist of equal-sized particles
with the shape of a tetrakaidecahedron, with cylindrical pores along the edges. A
tetrakaidecahedron is constructed by trisecting the edges of an octahedron and discarding
the six vertices. The resulting structure has 36 edges, 24 corners, and 14 faces with 8
being hexagonal and 6 square. Based on Coble’s derivation, the densification rates for
lattice and grain boundary diffusion can be approximated as follows:

Lattice diffusion: P % (1.2)
yo,
- D, J./,Q
Grain boundary diffusion: 2 =4 ~0eVs’* (1.3)
P 3G*T(L-p)

where p is the density, p is the changing rate of densification, A is a constant and G is

the grain size. Because of the approximations made by Coble, these equations are no
more than order-of-magnitude calculations. Refinements to Coble’s model have been

made to account for the more complex pore structure [40,41].

Table 1.3. Values for the constants m and n in Equation 1.1.

Mechanism m n H
Surface diffusion 7 4 56D¢0sysy Q/KT
Lattice diffusion from surface 4 3 20Dy, Q/KT
Vapor transport 3 2 3Py« Q/(2mmkT) kT
Grain boundary diffusion 6 4 96D gy QKT
Lattice diffusion from grain boundary 5 3 80mDys Q/KT
Viscous flow 2 1 3ys/2n

For the densification of amorphous systems, a structure consisting of a cubic array
of intersecting cylinders was proposed by Scherer [42]. The equation is rather complex
and does not explicitly express the density or densification rate as a function of time.
However, it has been shown experimentally to predict well the densification of materials
such as colloidal gels, polymeric gels, and consolidated glass particles. Coble [39] used a
procedure similar to that used in deriving intermediate stage equations to obtain the final
stage sintering equations. From his derivation, the densification rate for lattice diffusion
of the final stage can be expressed as

£ _BDy,Q

P pGkKT (4

19



where B is a constant. Note that this is strikingly similar to the equation for intermediate
stage sintering, Equation 1.2, except in the numerical constants. Coble did not derive the
equation for grain boundary diffusion but this can be obtained from the models that he
developed for diffusional sintering under applied pressure [43,44].

For viscous flow, the work done by Mackenzie and Shuttleworth [45] using a

concentric sphere model seems to be appropriate. The densification rate is
.3
p==L-p) (1.5)
4n

where p is 2y/r, with r being the pore radius. This equation is considered as a reasonable
representation of the last stage of sintering when the pores are closed and isolated.

Based on the preceding discussions of the analytical models, it is clear that the
sintering phenomenon in polycrystalline solids is much more complex than that in
amorphous materials. The sintering of polycrystalline materials is more dependent on the
microstructure of the powder system. The result is that simplifications in the models
make the corresponding sintering equations mere approximations and tend to be more
useful in making qualitative descriptions. However, this does not detract from their
usefulness. For example, with the temperature dependence of the process known
beforehand, they can be used to determine from experimental data the dominant
mechanism through the activation energy values. On the other hand, amorphous materials
are less sensitive to microstructure such that idealization of the structure can lead to
analytical solutions that can quantify the sintering behavior satisfactorily. It is this
simplicity that has led others to extend viscous sintering concepts to the analysis of data
from polycrystalline materials. More recently, a combined-stage sintering model was
proposed wherein a single equation was derived to represent the sintering process from
beginning to end [46].

1.2.3 Driving Forces for Sintering

As mentioned earlier, sintering is accompanied by a lowering of the free energy of
the system. The processes and other phenomena that provide the impetus for reducing the
free energy are usually referred to as the driving forces for sintering and include the force

associated with the curved surfaces of particles, externally applied pressure, and chemical
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reaction(s). While the effect of the latter two sources appears straightforward by
“pumping” mechanical energy and heat directly into the process, the surface curvature
does not add energy to the system but instead works by reducing the total interfacial and
surface energies. During sintering, necks forming between particles substitute grain
boundary area for surface area, always with a net reduction in total energy.

Excluding externally applied pressure and chemical reactions, the driving forces
that cause materials to be transported are the chemical potential gradient and the stress
generated at the contacts between particles. In the former, material flows into the neck
area under the influence of a chemical potential gradient arising from the differences in
curvature of the surface. The chemical potential, p, of an atom beneath a curved surface is
altered by the surface curvature. For a curved surface with principal radii of curvature r;

and r», the potential difference is given by

M= p-p, = S+ (L6)
rn

where Q is the atomic volume and y is the surface energy of powder particle. The radius
IS positive when the surface is convex and negative if the surface is concave. The
chemical potential gradient also produces a gradient in the vapor pressure above these
two surfaces such that

A =KT In Ll 1.7)

Po

where P, is the partial vapor pressure over a curved surface, P, is the partial vapor
pressure over a flat surface. Atoms move from the convex to the concave regions to
decrease the potential gradient. The vacancies move countercurrent to the diffusion of the
atoms and therefore, diffuse away from the contact area between the solid particles and
sink at the dislocations or grain boundaries.

Referring to Figure 1.20, the outer edge of the contact is subjected to a stress, o,
given by [47]
i
r

o=y (1.8)

X | =

where y is the surface tension. Under a concave surface, this stress is tensile and under a

convex surface, compressive. Therefore, a stress gradient exists between the particle
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interior and the neck, leading to material transport by microscopic viscous or plastic flow
during the sintering of the powder compacts. The stress can be related to the densification
rate for diffusion-controlled mechanism by the general form that includes an externally
applied pressure p,
' 3dL _ 3

L=-22="(pg+0) (L9)

P Ldt 7,
where (1/L)dL/dt is the linear strain rate for sintering, ¢ is the stress intensification factor,

and n, has the dimensions of viscosity and is referred to as the densification viscosity.
The quantity o is the thermodynamic driving force with the units of pressure or stress and
is referred to either as the sintering pressure or sintering potential. The equation for o is
actually more complex for a polycrystalline ceramic than that given in Equation 1.8
because the pores are in contact with grain boundaries and may be of the form [48]

2
g=Fe s (1.10)
G r
where g is the grain boundary energy, ysy is the surface energy, G is the grain size and r
is the pore radius. Equation (1.9) can be rewritten as
P30 (h +3) (1.11)
P 1,
where £ = o/ ¢ has the units of stress and is referred to as the sintering stress. It occurs in

linear combination with the externally applied pressure, pa, and may be considered as the
equivalent externally applied stress with the same effect on the sintering as the curved
surfaces of the pores and grain boundaries. The definition is useful in analyzing cases
where mechanical stresses are present such as in pressure sintering and constrained
sintering. It provides a basis for the experimental measurement of the driving force for

sintering.

1.2.4 Challenges Associated with Nanomaterial Sintering

Nanomaterial refers to the material with the feature size from 1 to 100 nm.
Compared with conventional microscale materials, nanoscale material has significantly
larger surface energy. Thus, reducing the silver particle size from the microscale to the

nanoscale range can theoretically lower the sintering temperature. However, because of
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sintering is a processing which depends on atomic diffusions, the densification rate is not
only determined by how easy the atoms can diffuse, but also by how they diffuse.

The first challenge associated with nanoscale material sintering is the
agglomeration/aggregation of the nanomaterials. Agglomeration and aggregation are
more likely occur in nanomaterials due to their fine particle sizes. Agglomeration is a
procedure that the pre-sintering powder compacts are attracted together by weak forces
such as Van der Waals/electrostatic forces; while aggregation is a procedure that the pre-
sintering material is bonded together by solid necks of significant strength such as
metallic force [49]. One of the major differences between agglomerate and aggregate is
that the agglomerate can usually be re-dispersed by external energy such as mechanical
or ultrasonic forces while the aggregate cannot. Figure 1.21 illustrates the difference

between agglomeration and aggregation.
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Figure 1.21. lllustration of agglomeration (a) and aggregation (b) and their effective particle sizes.
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Both agglomeration and aggregation result in inhomogeneous distribution of
particles and thus the initial (green) density of powder compacts before sintering could be
significantly lower due to the loose pack of the agglomerate/aggregate [50]. The lower
initial (green) density is detrimental for sinterability. The effective radius instead of the
real radius of particle, are usually used to characterize the degenerated sintering
capability of agglomerated/aggregated particles. Figure 1.21 shows that the effective
radius can be much larger than that of particles. When the effective radius reaches the
micron size, the advantages of nanoscale particles are lost. As discussed before,
agglomerate can be re-dispersed before sintering but the aggregate cannot. Thus,
aggregate should be avoided as much as possible during the preparation of nanomaterials.
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Another challenge for nanomaterial sintering is the non-densifying diffusions at
low-temperatures. As discussed before, for a polycrystalline material, there are least six
different diffusions happen during a sintering procedure. Among the six sintering
mechanisms, only volume diffusion of matter from the grain boundaries or from
dislocations in the neck region can produce densification. Other diffusion of matter from
surfaces cause particle necking and coarsening rather than densify them as illustrated in
Figure 1.22.

Grain boundary or
lattice diffusions

| Changed |
Densifying diffusions and results

Surface diffusions

Unchanged
Non-densifying diffusions and results
Figure 1.22. lllustration of densifying and non-densifying diffusions and their sintering results.
The non-densifying diffusions and densifying diffusions [51] are dominant at
different temperature ranges as shown in Figure 1.23 mainly due to their different active
energies. At relatively low temperatures, the sintering process is controlled by surface
diffusions and results in neck formation between particles but little actual densification.
At higher temperatures, grain boundary/lattice diffusions dominate the sintering process
and lead to densification. If a non-densifying diffusion is allowed to proceed, it will
consume the driving force that is needed for a densifying diffusion happen, making the
sintering material difficult to achieve high density even in a later high-temperature

sintering process. Nanomaterials are particularly susceptible to this problem because their
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high surface to volume ratio, which results in surface diffusions happen at very low

temperatures.

Grain boundary or
lattice diffusions

Surface diffusions

B ———

Higher T Lower T 1/T

Figure 1.23. Schematic diagram of change in densification rate with temperature. According to
rapid rate sintering theory, the two regimes should corresponding to poor or no densification
(surface) at low temperatures and much more efficient densification (via grain boundary or lattice
diffusion) at high temperature [51].

An approach to reduce non-densification diffusions is to use a fast heating rate to
bypass the low-temperature regime quickly. With this approach, the surface diffusion has
not sufficient time to occur and the non-densification diffusions are limited. After passing
the low-temperature range, the densification diffusions such as grain boundary/lattice
diffusions have already dominated and they can densify the powders. Several advanced
sintering techniques have been developed to increase the heating rate, such as microwave
sintering, plasma activated sintering, laser sintering, field-activated sintering technique
(FAST), etc [52 -55]. It is reported that an extremely high heating rate (4900°C/min)
realizing by microwave sintering suppresses grain growth and enhances densification
rates by up to 4 orders of magnitude compared to slower conventional heating [56].
Figure 1.24 shows lead zirconate titanate (PZT) sintered at 1150°C for 2 hours in air: (a)
with the heating rate 0.5°C/minute; (b) with the heating rate 100°C/minute [57]. The
sintered PZT with faster heating rate has much denser microstructures than the one with a

slower heating rate. Another example shows that a faster heating rate by microwave can
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sinter nanoscale copper into a higher final density than the conventional furnace sintering
[58]. All these evidences show that faster heating rates can enhance the densification and

prevent particles coarsening.

(@) (b)
Figure 1.24. The SEM micrographs of PZT sintered at 1150°C for 2 hours in air: (a) with the
heating rates of 0.5°C/min and (b) 100°C/min [57].

The enhanced heating rate, however, may induce significant thermal shock, thus it
has disadvantages for bonding semiconductor devices because thermal shock is one of the
major failure mechanisms in an electronic package. Also, the equipments to realize faster
heating rate are much more complicated and expensive than the conventional baking
ovens (for conductive adhesives) and reflow furnaces (for solders). Due to these reasons,
a fast heating-rate sintering is not practicable for our application and we need look for

other strategies to achieve the nanosilver densification.

1.2.5 Summary

The science of sintering has been widely applied in microelectronics for making
hybrid circuits, cofired multilayer metal/ceramic interconnecting substrates, multilayer
ceramic capacitors, magnetic components, and etc. Recently there have been a few
studies [21-24] on the use of sintering powder compacts for attaching semiconductor
devices. Since sintering normally requires a temperature that may be substantially higher
than the maximum temperature a device can be exposed to, any means of lowing the
sintering temperature is desirable and necessary for successful implementation. Pressure-
assisted sintering method has been the common approach for attaching semiconductor

devices to a substrate at a temperature lower than the pressure-less sintering.
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Unfortunately, the approach is difficult to implement in a mass-manufacturing
environment. From the above discussion, the driving force of sintering increases with
decreasing particle size. It is theoretically achievable to form interconnects by pressure-
less sintering of a nanoscale metal powder paste at a low-temperature that is within the
maximum post-processing temperature of a device. It is based on this premise this
research is developed to formulate the interconnect solutions for power semiconductor

devices.

1.3 Motivation of Research

In this section, the motivations of this research are addressed along with the
driving force for developing new semiconductor device interconnecting material and

technology.

1.3.1 Issues Associated with Current Interconnect Technologies

As discussed before, there are five general aspects that can evaluate a
semiconductor device interconnect technology and they are:

1) Integration capability;

2 Electrical performance;

3) Thermal management;

4) Reliability;

(5) Manufacturability and the cost.

Table 1.4. Pros and cons of various chip-level interconnect technologies.

Interconnect technologies Integration | Electrical | Thermal | Reliability | Manufacturability
Wirebond Poor Poor Poor Good Good
Metal deposition Good Good Good Poor Fair
Solder reflow Good Fair Fair Fair Good
Conductive epoxy curing Good Bad Bad Good Good
Press pack Fair Good Good Fair Poor
Pressure-assisted silver sintering Fair Good Good Good Poor

The current chip-level interconnect technologies can be assigned into three
general evaluation levels of “Good”, “Fair” or “Poor” on each of the above aspects as
listed in Table 1.4. In the follows, we will discuss the major issues associated with each
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of the current available interconnect technology. Along the discussion, the necessity for

developing new interconnect technologies will be addressed.

A. Wirebond

Although wirebond has been a mature and dominant interconnect technology and

it is still going through a continuous improvement from all the aspects, there are a few

bottlenecks that prevent it from the choice for next generation highly integrated power

packages and modules. The concerns include:

Its poor integration capability. Because wirebond is basically a 2-D packaging
technology and it is not adaptable to the imminent 3-D integrated packaging
for power devices and modules. The distributions of long and thin bonding
wires cause the package with high profile and low silicon-to-footprint ratio.

Its poor electrical performance. The long and thin bonding wires cause big
packaging loop inductance, and thus slow down switching speeds, lower
efficiency and higher voltage overshoots [59,60]. The high overshoots bring
extra voltage pressures to the power devices. Also, mutual coupling effects
between adjacent wirebonds can lead to the change of impedance of different
bonding wires and thus result in the uneven current loading and large
electromagnetic interference (EMI) noise.

Its poor thermal management. The long thin wires themselves cannot take out
much heat due to their big thermal resistance. To make the situation even
worse, the bonding wires prevent attaching any heat removal components
from the top of the devices. The current crowding at each wire-to-chip joints

and the uneven current distribution cause hot spots.

B. Metal deposition

Metal deposition is good for building up 3-D high density structures. Also the

high electrical and thermal conductivities of deposited thin metal films make it ideal for

current handling and thermal removal capability. However, the major concerns associated

with the metal deposition are:

Its poor interconnect reliability. Because both semiconductor devices and the

deposited metal (usually copper) are hard materials and they usually have
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large CTE mismatches. When two CTE mismatched materials are bonded
together and encounter temperature changes, thermomechanical stresses are
induced at the bonding interfaces. As an example, Figure 1.25 shows the finite
elemental analysis (FEA) results of large thermal stresses induced at the direct
metal bonds in the embedded power structures [61] when the power MOSFET
device working at around 94°C. The large stresses imposed on the silicon die

may cause it to crack.
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Figure 1.25. Thermal stress distribution in the local position when the MOSFET operating at
94°C in an embedded power module [61].

e Its fair processing simplicity. Because the metal deposition usually involves in
vacuum sputtering or e-beaming. The high vacuum deposition is relatively

time-consuming and expensive.

C. Solder reflow
Solder reflow is also good for building up 3-D high density structures. But the
electrical and thermal conductivities of typical solder are not as good as pure metals.
Though one can use low-profiled solder bump or even direct solder layers to reduce the
electrical and thermal resistance of the solder joints, there are still several concerns

associated with solder reflow:
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Its fair thermal management. Partially due to the relatively low thermal
conductivity of solder and partially due to the initial void problems as an
example shown in Figure 1.26. The initial voids are formed due to flux
evaporation during solder reflow. Use fluxless and vacuum solder reflow can
mitigate the initial void problem. Moreover, the solder/copper substrate
interfaces usually have a considerable large interfacial thermal resistance

associated [62], which is in turn added up to the total thermal resistance.

(a) (b)
Figure 1.26. The initial void problems in the reflowed die-attaching solder layers in (a) lead-tin
solder and (b) lead-free solder.

Its fair reliability. Because solders are usually binary or trinary alloy systems.
These alloy systems are not stable thermodynamically. During temperature
changes, the solder alloys turn to have crack initiation and growth problems
which can cause joint failure eventually. The crack initiation and growth are
associated with phase separation because dislocations in the solder materials
may pinch out and accumulate at the phase boundaries. Examples of the

failure of solder joints are shown in Figure 1.27 after thermal cycling [63].
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(b)
Figure 1.27. The solder bump failure after thermal cycling. (a) Barrel-shaped solder joints and (b)
hourglass-shaped solder joints [63].

Furthermore, solder reflow also causes contamination problems if lead (Pb) -
contained solder is used.

D. Conductive epoxy curing
Conductive epoxy curing is a relatively new packaging technology although it has
been successfully applied in some power packages like IR’s CopperStrap and DirectFET.
The technology has no problem for 3-D high density integration and is also excellent for
enhanced reliability since it is a very soft material. However, conductive epoxy curing is
usually only good for low-power packages because:

e Its poor electrical performance. Though making improvement, the electrical
conductivity of curable epoxy is still much lower than pure metals and solder.
The high electrical resistance limits its current handling capability. In the
structure design, large-area and thin-layer joints are usually used to mitigate
the disadvantages.

e Its poor thermal management. The argument is similar to the electrical
performance mainly due to its much lower thermal conductivity than pure
metals and solder.

Also, the curable conductive epoxy cannot work at high-temperature because of

the organic polymer composition.

E. Press Pack
Press pack has excellent electrical performance and thermal management. But the

interconnect technology have concerns as follows:
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« Its fair integration capability. The mechanical fixture for the pressure contacts
is typically not easy to be adapted for 3-D high-density packaging.

e Its fair reliability. Similar with the metal deposition, press pack brings two
CTE mismatched materials—semiconductor and metal—together directly and
thus the interconnections have thermomechanical stress concerns. Therefore,
molybdenum is usually used for better CTE match.

e Its poor manufacturability. The use of mechanical fixture for the pressure
generation makes the structure pretty expensive. The interconnect technology
is only used in extremely high power (hundreds of kilowatt) when the cost per

package is a less concern.

F. Pressure-assisted silver sintering
Similar to the press pack, the pressure assisted silver sintering has excellent
electrical performance and thermal management because of the very high conductivities
of the sintered silver. The reliability of the sintered silver is also very good. However, the
interconnect technology have concerns as follows:

= Its fair integration capability. Use a similar argument with the press pack. The
external pressure applied during the processing makes it is almost impossible
to build up the sintered silver interconnections from the both sides of the
power devices.

e Its poor manufacturability. Use the same argument with the press pack.
Actually this is one of the reasons why SemiKron [26] did not use the
technology for mass production although it has been demonstrated the
electrical, thermal and mechanical performances of the sintered silver joints

are much better than the conventional solder joints.

1.3.2 Advantages of Low-Temperature Nanoscale Silver Sintering

This dissertation presents a new interconnect material—nanoscale silver paste—
and its subsequent low-temperature sintering process to provide high-quality power
device joints at a relatively low cost level. Because of the reduction of silver particle size

and the proper selection of the organic vehicle for the paste system, external pressure is
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not necessary anymore to sinter the silver paste at low temperatures. The absence of
external pressure during processing not only makes the 3-D high-density integration
possible, but also greatly reduces the fabrication complexity and thus the cost. The
nanoscale silver pastes can be either screen/stencil-printed or syringe-dispensed and they
can be served as a direct drop-in substitution to the commercially available solders. They
can be sintered to a density of over 80% after sintered at 280°C, a temperature closes to
the maximum processing temperature in today’s lead-free soldering process. The
electrical and thermal conductivities of the low-temperature sintered silver are ~3-5 times
higher than those of the best solder or conductive epoxy. The silver joints formed by the
low-temperature sintering technology have a bonding strength about 40 MPa on the
silver-coated substrates, similar to the eutectic solder joint strength. Due to the solidus
interdiffusion of bonding mechanism, initial voids are avoided from the silver joints and
they are more uniform than solder joints and therefore they have better thermal
management. Also, the porous microstructure gives the sintered material a low modulus
of ~10 GPa, making it mechanically compliant for relieving thermomechanical stresses in
the attachment. Finally, once the attachment is formed at low temperatures, the maximum
use temperature of the package is limited by the device and substrate, not by the die-
attach material. Thus, the low-temperature sintering technology can be used to
interconnect wide-bandgap semiconductor devices, such as SiC devices for switching
power supplies or GaN light-emitting devices, to enable them to function at temperatures
over 300°C.

In the following, the detailed advantages of the low-temperature silver sintering
technology are listed and discussed, and thus lead to our research motivation.

A. Integration capability

Because of the elimination of external pressure during the low-temperature
sintering of nanoscale silver paste, the interconnect technology can be easily adapted to
build 3-D high-density power packages like processing conventional solder paste.
Compared with solder reflow, the low-temperature sintering has extra advantages for
simpler processing. Unlike solder reflow, the nanoscale silver paste is sintered at
temperatures far below the melting point of bulk silver. The sintered silver film or joint
can retain their shapes at the sintering temperatures. Therefore, it is very convenient to
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process the low-temperature sintering as many times as desired to complete a 3-D high-
density power package. Otherwise several solders with different melting points have to

be carefully chosen in the construction of a solder-reflowed package.

B. Electrical performance
The electrical conductivity of the low-temperature sintered silver is about 3-5
times of those of the best solders and also much higher than that of the conductive
epoxies. Therefore it has great current handling capability and excellent electrical

performance.

C. Thermal management
The thermal conductivity of the low-temperature sintered silver is also about 3-5
times of those of the best solders and also much higher than that of the conductive
epoxies. Furthermore, the uniformity of silver joint eliminates the possible hot spots of
the power device. Therefore low-temperature silver sintering has superior thermal

management capability.

D. Reliability

The low-temperature sintered silver has around 20% porosity with microscale
porous trapped in. The porous microstructure gives the sintered material a low effective
modulus at about 10 GPa. The value is even lower than that of the soft solder such as
eutectic lead-tin at the room temperature. For a power device-metallized substrate
interconnection, a softer interconnecting material can be advantageous since it transfers
less of thermal stress due to the semiconductor-metal CTE mismatch. Using this
argument, the low-temperature sintered silver has superior thermomechanical properties
and it will help achieve a more reliable interconnection. Furthermore, since the
interconnect material is pure silver, a single phase material with a much higher melting
point than solders, its reliability is high because the phase separation and creep failure are

avoided or greatly reduced.

E. Manufacturability and cost
Because of the elimination of external pressure during the low-temperature silver
sintering, the technology can be easily adapted to the process of conventional solder paste

and epoxy. We have carefully designed our low-temperature silver interconnect
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technology so that it can serve as a direct-drop in substitution of solder paste reflow.
Compared with pressure-assisted silver sintering, the complexity and thus the cost of
processing have been greatly reduced, which permit use the interconnect material at a
relative low cost level. Considering of the greatly improved performance and prolonged

usage life, the interconnect technology is potentially very cost effective.

1.4 Objectives and Significance of Study

In this study, we developed a lead-free semiconductor device interconnect
technology by studying the processing-microstructure-property relationships of low-
temperature sintering of nanoscale silver pastes. The specific objectives of this research
are listed as follows.

1. To understand the dispersion mechanisms of the nano-silver particles and
the functions of the selected organic components for the preparation of
uniformly-dispersed, screen/stencil printable, and low-temperature
sinterable nanoscale silver pastes. Under this objective, we purposely designed
our pastes to be compatible with the current surface mount technologies such as
syringe-dispensing and screen/stencil-printing. To achieve the objectives, we
carefully selected dispersant, binder and thinner organic components so as to
disperse and stabilize the nanosilver particles, adjust the paste viscosity, and
retard the non-densifying diffusions at low-temperatures.

2. To analyze the physical mechanisms involving organic burnout, densification
and grain-growth for the nanoscale silver pastes. Under this objective, we
studied the binder burnout and paste densification kinetics for achieving low-
temperature sintering. The final properties of the sintered paste were dictated by
the low-temperature firing process, which typically consists of organic
burnout/removal and power compact densification. We found that it was essential
to completely remove all the organic components in the paste before the on set of
densification to ensure the desired final microstructure and properties, since any
residual organic components will affect the mass transport in the particular porous

structure.
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3. To characterize the low-temperature sintered silver as a new interconnect
material. Under this objective, we measured the important properties of the low-
temperature sintered silver at the material level for the semiconductor device
bonding applications. The properties such as density, electrical resistivity, thermal
conductivity, modulus and CTE of the sintered silver were determined.

4. To resolve binder burnout and the compatibility issues associated with the
interaction between interconnecting metal substrates and device
metallization for achieving strong and reliable joints. Under this objective, we
studied binder burnout problems associated with covered sintering and the effects
of surface treatment on the silver joint preparation. We used electroless or
electroplating methods to coat nickel/silver or nickel/gold to prevent oxidation
and form the silver joints. Also, we carefully designed sintering profiles to
achieve strong silver bondings.

5. To evaluate low-temperature sintered silver joints. Under this objective, we
evaluated the important properties of the low-temperature sintered silver joints for
the semiconductor device bonding applications. We mainly used the die-shear
test, SAM, and SEM to determine the bonding strength and uniformity of the
sintered silver joints. The effects of the silver loadings, joint sizes, and firing
temperature and time were studied.

6. To study the reliability of sintered silver joints. Under this objective, we
studied reliability and failure mechanism of the sintered silver joints. Thermal
cycling experiment was explored to evaluate the reliability of the sintered silver
joints. During the thermal cycling, the die-shear test, SAM, and SEM were used
to identify the failure mechanisms of the sintered silver joints.

In summary, we developed the scientific knowledge and engineering known-how
for the interconnection of power semiconductor devices by investigating the processing-
microstructure-property relationships of low-temperature sintering of nanoscale silver
pastes. The goal of the study is to address the fundamental issues associated with this
process development. The completion of the study provided solutions that can fill the gap

in the development of the advanced semiconductor devices and packaging technologies
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in power electronics and it can significantly impact the future growth of the trillion-dollar

electronics industry.

1.5 Organization of Dissertation

The dissertation is organized into five chapters according to the following scheme.

The current chapter (Chapter 1) provides a background review of the research
topics such as current power chip interconnect technologies and sintering mechanisms
and a statement of the motivation and objectives of the research.

Chapter 2 covers all the detailed experimental procedures involved in this
research. It starts from formulation of the nanoscale silver paste. After preparation of the
interconnect material, study of low-temperature sintering shows that the nanoscale silver
paste can be sintered at low-temperatures of 280-300°C. Then at this stage, the electrical
and thermal conductivities, effective elastic modulus, yield and tensile strengths, and
CTE of the low-temperature sintered silver are determined. Then Ni/Ag metallized
devices are attached onto either Ni/Ag or Ni/Au coated DBC substrates to form the silver
joints. Then the low-temperature silver joints are evaluated by die-shear, SAM and SEM.
Finally the silver joints are undergone temperature cycling experiment to study their
failure mechanisms.

Chapter 3 addresses experimental results and discussions. First we present the
measuring results of the sintered silver at the materials level, then the characterization
results at the silver joint level, and finally is the reliability results and failure mechanism
discussion of the sintered silver joints.

Chapter 4 talks about the potential applications of the low-temperature sintered
silver joints in power electronics, both in single-chip packages and multi-chip modules.
And then the discussion is extended to the other potential applications in high power
photonic devices such as power lasers and light-emitting diodes (LEDs).

Chapter 5 is the summary, conclusion and recommendation for future work.
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