Wolfgang E. G. Hansal
Sudipta Roy

Pulse Plating

[

: P —— - P " ﬁ

‘ I | ; - o5
| m L = ——J , a W aYa)

Made in Germany

Advanced Pulse-Technology TR

| f
J

for Ultimate Flexibility
within your Process olating electronic

we care for power

EUGEN G. LEUZE VERLAG KG - D-88348 Bad Saulgau



Content

1 An Overview of Pulse Deposition. . ..................................... 19
L1 Introduction . ... ...t 19

1.2 BasicDefinitions .. .......... .. 20

1.3 Practical Electrodeposition Systems. . . ............ ... ... 21
1.3.1 Measurement and Control of Potential and Current ................ 21

1.3.2 Electrolyte CompoSition . .. .........uuuiiininernnanannan.s 24

1.3.3 Electrode Reactions. ... ...... ... ... 25

1.4 Dynamic Phenomena during Pulsed Deposition or Dissolution . . . .......... 27
1.4.1 DoubleLayerCharging . ................o .. 28

1.42 Reaction DynamicCs . ... .......ouuiririrninnenanns 28

1.4.3 Electrocrystallisation. . . ..ottt 29

1.4.4 MassTransfer Effects ......... ... .. .. . . . . . ... 31

2 Thermodynamics . ... ...... ...ttt e 33
2.1 Introduction . ... ... ..ot 33
2.2 Electrochemical Equilibrium at Interfaces . . ........................... 33
2.3 The Origin of Electrochemical Potentials and the Nernst Equation .......... 35
2.4 Standard Electrode Potentials. .. ........... .. ... .. ... .. ... ... ...... 37
2.5 Standard Electrode Potentials and Speciation of Metal Complexes .......... 38
2.6 TheElectrical Double Layer.......... ... ... ... ... 41
2.7 Departure from Equilibrium. . ........ ... ... .. .. .. 42
2.8 Capacitive EffectsinPulse Plating . .. ......... ... .. ... ... ... .. ..... 43
2.8.1 Calculation of Double Layer Charging and Discharging Times. . . ... .. 43

2.8.2 Capacitive Damping of Faradaic Current. . .. ..................... 47

2.8.3 EffectofPseudocapacitance ............... ..., 48

3 ReactionKinetics .. ....... . . . . 51
3.1 Introduction . ...... ... 51
3.2 Simple Charge Transfer Kinetics .. ........... ... .. ... 51

3.3 Charge Transfer Kinetics of Multistep Processes .. ...................... 57



14 Content
3.4 Reaction MechaniSm .. ... ... ..ot 59
3.4.1 Copper Deposition and Dissolution ............................ 59
3.4.2 Cadmium Deposition and Dissolution. . ......................... 61
3.4.3 Silver Deposition and Dissolution. .. ........................... 62
3.5 Charge Transfer Kinetics of Alloy Plating. .. ........................... 64
3.6 Effect of Additives on Charge Transfer Kinetics. .. ...................... 66
3.7 Overall Importance of Kineticsin Pulse Plating . . ....................... 68
4 Nucleation and Morphology. . ......... ... ... . . . . . . 72
4.1 IntroduCtion . .. ..ottt 72
4.2 Mechanism of the Electrochemical Metal Deposition .................... 72
4.3 Pulse Plating and Deposit Morphology. . .. ....... .. ... .. ... .. ... ... 76
4.4 Additive Effects . ... ... 81
5 CurrentDistribution. . . ....... ... . 83
5.1 Introduction . ... ... 83
5.2 CurrentDistribution . . .......... ... 84
5.3 Qualification of Current Distribution. .. .............. ... ... ......... 88
5.4 Quantification of Current Distribution. ... ............................ 92
5.5 Current Distributionand Pulse Plating . .. ............................. 95
6 Mass Transfer during Pulse Deposition ................................ 100
6.1 Introduction ... ....... ...ttt 100
6.2 Tonic Transport and the Concentration Depletion Layer . . ................ 101
6.2.1 Diffusional Transport. . .. ...t 102
6.2.2 Convective-Diffusional Transport. .. .......................... 103
6.3 Concentration Depletion during Pulse Current Deposition. . .............. 105
6.4 Maximum Plating Rate during Pulse Deposition ....................... 107
6.5 Pulse Limiting Current using the Dual Diffusion Layer Concept ... ........ 111
6.6 Experimental Verification of the Pulse Limiting Current . . . .............. 112
6.7 Eftect of Mass Transport on Microstructure and Current Efficiency ........ 114
6.8 Effect of Mass Transport on Alloy Composition. ....................... 117
6.9 Effect of Mass Transporton Additives . .............................. 118
6.10 Mass Transport on the Microscale. . .. ......... ... ... .. ... ... ...... 120
7 Modellingof Pulse Plating . . ............ .. .. ... ... .. .. .. ... . ... 123
7.1 IntroduCtion . .. ......o ittt 123

7.2 Model EQUations. . .. .......uuiuit e 124



Content 15

7.2.1 Single Metal Deposition ... .......... ...t .. 124
7.2.2 Metal Deposition with Co-evolution of Hydrogen. . ............... 127
7.2.3 Alloy Deposition . . .. ...ttt 129
7.2.3.1 EffectofPulse Parameters............................ 130

7.2.3.2 Effect of Galvanic Corrosion. .. ....................... 131

7.3 Effect of Adsorbed Additives and Intermediates. .. ..................... 132
7.4 Approximate Analytical Models. . ............ ... .. .. ... ... ... .. ... 133
Pulse Rectifier Systems .. ........ .. ... .. . . .. . 136
8.1 Introduction . ... ... ... . 136
8.2 ThePulse Power Supplies. .. ....... ... i 138
8.3 CurrentWaveform . ... ... ... 140
83.1 RiseandFallTime....... ... .. .. ... i, 140
8.3.2 Overshootand Undershoot .. ........ ... ... ... ... ... ... ... 141
8.3.3 ThePeriodTime. . ... ... ..ot 143
834 TheFrequency............ouiiiinin i 143
8.3.5 TheAverageValue.......... ... ..., 143
8.3.6 EffectiveCurrent. .. ... ... .. ... 144
8.3.7 Peak Energy. .. ... ..ot 145
8.3.8 Actual (Practical) Current Waveform . ......................... 145

8.4 ThePulse Plating Process. . .......... i 146
8.4.1 Chemistry ..ottt 147
8.4.2 Plating Line/Installation. . . ....... ... .. ... ... ... ... ... .... 147
84.2.1 CableLength......... ... ... ... . ... 148

8.4.2.2 Cablelnductance. .......... ... ... ... 148

8.4.2.3 ContactSystems .. .....ootitit i 151

8.5 Safety Information — Electrical Magnetic Fields. .. ..................... 152
8.6 Process Control . ....... ... .. 153
8.7 Dimensioning a Pulse Reverse Power Supply ... ....................... 155
Technical Implementation of PP Processes. . .. .......................... 159
9.1 Implementation — Guidelines Arising from Theoretical Considerations . . ... 160
9.1.1 Introduction . .......... ..ot 160
9.1.2 CaseStudies . .........uuiuiii 160
9.1.2.1 Influencing Deposit Uniformity using Mass Transfer . . . . . .. 160

9.1.2.2 Influencing Deposit Uniformity using Kinetics. . .......... 161

9.1.2.3 Influencing Hydrogen Content of Deposits via Kinetics . . . . . 164

9.1.2.4 Influencing Deposit Structure via Mass Transport. . ........ 165

9.1.3 Guidelines for Choosing Pulse Parameters . ..................... 166



16 Content

9.2 Practical Implementation of Pulse Plating . .............. ... ... ... ...
9.2.1 A Systematic Method for Choosing Pulse Plating Parameters . ... ...
9.2.1.1 Electrochemical Experiments .. .......................

9.2.1.2 Mechanism ofthe Deposition .. .......................

9.2.1.3 Application of the Basic Data to the Pulse Deposition —
from Current-Potential Data to Reaction Information . . . .. ..

9.2.1.4 Numerical Simulation of Pulse Plating Processes . .........
9.2.1.5 Macroscopic Properties. . ..o,
9.2.2 PlatingLineAdaption . ............. ...
9.2.3 PulsePlatingand Barrel Plating ..............................

10 Energy and Material Considerations .. ................................
10.1 Introduction . .. ..... .ot
10.2 Pulse Plating and Energy Consumption .. .................ovninn...
103 Material .. ...
10.4 COLEMISSION . . o\ vv ettt e e e e

11 Pulse Plating of Copper on Printed Circuit Boards . ......................
1.1 Introduction .. ... oo

11.2 Summary of Early Investigations of Puls
and Pulse Reverse Platingof Copper. . .......... .. .. ... . ...

T1.3 REACHIONS . o\ttt e e e e e
11.3.1 CurrentEfficiency ........ ... ... ..
11.3.2 AnodicPassivation. . ............. .. ... i,

11.4 Throwing POWer . . .. ...t e e e
11.4.1 Wagner Number. . ...ttt
11.4.2 Surface Distribution. .. ......... ... .. .. ...
11.4.3 Plating in Through Holesand Blind Vias . ......................

11.5 Structure and Morphology ... ...t

11.6 Mechanical Properties . ... .........uouiinninin ..

11.7 Superimposed Pulse Reverse Plating . ...............................

11.8 Recommended Pulse Parameters Settings .. ..........................

12 Pulse Plating of Nickel and itsAlloys . . ......... .. ... ... ... .. ... ......
12.1 Introduction . ...ttt
122 Watts Baths. . . ... ..o
12.3 Sulfamate Baths . .. ... ... .
12.4 Chloride Bathsand Woods Strike .. ........... ... .. .. ...



Content 17

12.5 Nanocrystalline Nickel Layers . .. ........... oo, 216
12.6 Nickel-Cobalt and Nickel-Cobalt-Iron . . . ............................ 218
12.7 Nickel-Tron ... . 220
12.8 Nickel-Copper . ..o 222
12.9 Nickel Tungsten and Nickel-Phosphor .. ....... ... .. ... .. ... .... 223
12.10 Other Nickel AlOyS. . . . . oot 224
12.11 Nickel Electroforming . ........... ...t 225
13 Pulse Plating of Tin and itsAlloys ........... ... ... ... ... . ... ... ... 229
13.1 Introduction . .. ...... ..t 229
13.2 Alkaline Electrolyte Systems ... ............ i 230
13.3 Acidic Electrolyte Systems. . ... ...t 233
13.4 Gold-Tin AlOYS . . ..ottt 236
13.5 Silver-Tin ALlOYS. . . oo et e e 241
13.6 Tin-ZIinC AlIOYS. . . . oot 245
13.7 Tin-Lead ALIOYS . . .ot v et e e e e 246
13.8 Copper-TinAIIOYS . . ..o\ vt it e e e e 247
13.9 Pulse Plating and Whisker Formation............... ... ... ... ... ... 248
14 Pulse Platingof Chromium . .......... .. ... .. .. ... .. ... ... ... 250
14.1 Introduction . ... ...t 250
14.2 Crack Formation and Elimination. . .. ......... ... .. ... ... ... ....... 252
14.3 Microstructured Chromium Surfaces . . ........ ..., 257
14.4 Multilayer Chromium Deposits . ... .. 259
14.5 Practical Considerations and Application. .. .......................... 261
14.5.1 Hardnessand WearResistance .. ............................. 262
14.5.2 APPEATANCE . . ..ottt et e e 265
14.53 Application. . ....... ... 266

14.6 Pulse Deposition using Trivalent Chromium Baths. . . ............. ... ... 267
15 Pulse Plating of PreciousMetals .. ............ .. ... .. ... ... .. ... .... 269
I5.1 Introduction . ........o i 269
152 Gold ..o 270
153 SIIVEr .o 276
154 Palladium . . ... ... 278
IS5Platinum . . . ..o 282
15.6 Rhodium. .. ... 283

15.7 Precious Metal ATlOYS. . .. .ot 284



18 Content

16 Pulse Plating of Zinc and itsAlloys . ......... ... .. .. ... ... .. ... ...... 286
16.1 Introduction . .. ....... it 286
16.2 Pulse Platingof Zinc. . . .. ... ..o 286
16.3 Zinc-Nickel Alloys . . .. ..o 291
16.4 Other ZinCAIIOYS . . oo oot e e e 293
16.5 Hydrogen Embrittlement . ......... .. .. .. .. .. .. .. . ... . ... 295

17 Pulse Polishing, Machining and Anodising . . . ........................... 298
17.1 Introduction . .. ..... .ottt 298
17.2 Theory of Anodic Processes . . .. ...t 299
17.3 Pulsed Electropolishing .. ......... ... . ... 302
17.4 Pulsed Electrochemical Machining . ................................ 305
17.5 Pulsed Anodisation . . . . .. ... ..ttt 310

18 Pulse Deposition of Nanostructured Metal Multilayers. .. ................. 318
18.1 Introduction . ... ...t 318
18.2 Processing of Compositionally Modulated Materials. . .................. 319
18.3 Dual Bath Electrodeposition. . .. ...t 319
18.4 Single Bath Electrodeposition . ........... ..., 321

18.4.1 ProcessDetails. ..........co i 321
18.4.2 Electrolyte Formulation .. ................ ... .. ... ......... 323
18.4.3 Choice of Pulse Waveforms . .......... ... ... .. oo, 324
18.4.4 Equipmentand Monitoring . ...............coiiniinnenon.. 327
18.4.5 Prototypical Example of CMM Deposition . .................... 329

19 Pulse Plating in Combination with Particle Dispersion................. ... 331
19.1 Introduction . . ... .. ot 331
19.2 Particle Incorporation and Zeta Potential .. .............. ... ... ... ... 332
19.3 Nanoscaled Composite Coatings .. ............coveiininennrnenen .. 338
19.4 Nickel Dispersion Coatings . ... .....ouuriiin e, 340
19.5 Copper Dispersion Coatings . . .. ..o oottt et e 344
19.6 Gold Dispersion SYStems . . .. ..o vttt 345

20 References . . .. ... ... 347

21 Index .. ..o 372

Advertisers’Index. . ........ ... 387





