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. A guartz microbalance electrode (QME) was -constructed
 for! the Investigation of the electrochemistry of.
"?elﬁmtroless plating baths. To this end, the electronic
 '05¢&11ator ¢lircuitry required for the microbalance was
'-develcped from literature examples, and the techniques
-af’farmlng alectrodes and mounting the crystal in an’
appropxlave holder wire eetabllshad The dev1ce thus
‘developed was compact, allowing for in situ frequency
and electrockemical measurements to be made in a
.commercially available 100 mL Metrohm . cell. The
: prc0151on and - accuracy obtaineu with the home~built
device werd shawn'uo ba adequate for electrochemical
research, and the sensitivity was found to be
~ consistent. w1th the value expected from the Sauerbrey
’equatimn i :

WO :31milaf' %ledtrdleéﬁ"3n1ckel baths, using

_ hypophosphite anc. dlmethylamlne borane as respective :
‘feducing agents, were :|.nvest1gated with the OME. The
_potential dependence of the,partlal processes in the
two baths are significahtly'ﬁifferent, and'the nickel
 plating rates also differ from those observed when the

electrode is held at the normal plating pptential,.but_ B

in the absence ©f any reducing agent. In both baths the
presence of the anodic partial process 1eads to a
substantial  increase of the rate of  nickel
e¢lectrodeposition, indicating the - existence of
important interactions between the partial processes at
the mixed potential.

Anadic stripping : foltammograms - of alectrolesy
'nickel-phosphorus films showed two distinct peaks,
~ which were attributed to the presence of two distinct
. solid phases. Partial  anodic stripping, leaving the
- more noble material intact, yielded a phosphorus-rick
surface. The OME was used to monitor the early stages
of both open cmruuat and fixed potential plating. in the
hypophosphite-based slectroless nickel plating bgth on'
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. this ‘surface, “well  as ‘on normal éle&tfolé55=
. nickeimpiosphorus and pnr# nickel films' The partially .

"1'stripped Filin exhibited . consxderably hmghur plmtlng o

?~lateﬁg g phenamenon which is more readily eypla;ned 1n1

terms of enhanced catalytic activity rather than a
 $imp1e surface area effect. “ha various nickel deposits
- Weke characterleed. by energy disper81ve analysxs by
*m tays and x~raf photoelectr@n Spectrosccpy. '

ﬁElkctroiess. nibkél—boron 'films -Exhibited:'ﬁnly one
siripping peak. The deposit formed in the electroless

'f_ﬂjﬂkel“horon‘ bath was found to have slightly higher

_.'aqtivity towards autocatalytlc depos;tion than did pure
nigkel. - This was attrlbuted to spill-over or
- s?hergisﬁic effects,_brought abaut;by.the'presence of
' b@fon in "the'deposi-t. L '

' Two electroless copper baths were studied. The rate of
copper deposition was detérmined as a funqtidn'of'ﬁhe
cqﬁcentration of triethanslamine (TEA). Here, TEA was
présent as a ligand for copper (II).

~ The nature of the ligand, i.e., TEA or EDTA, was found
to ﬂaffect the mechanism of copper deposition in
eleciroless copper batha. '

The wffect of two additives on the plating rate and
mechanism of copper deposition was investigated. The -
_additives were 7-ipdo- 8—hydroxyqunnoline—s-sulphunlc
“acid, and  8-hydrozyquinoline-3-sulphonic acid. The
former additive enhanced the Pplating rate at
intermediate concentration, .the most probable mode of

influence - via a Dbridging ligand. effect, thereby
 facilitating electron transfer betwsen the aguecus
copper -complex and the active surface. The latter
additive did not enhance the electroleas copper
deposition rate. ' . -



iid

 ACKNOWLEDGEMENTS -

 If any other part of this work is subjsct to question,
the efforts of those mentioned here are most definitely. 
not. Prufessor Waliy Orchard, who guided me patiently
throughout, who contributed to my education in so many
u_ways, cannot be thanked enocugh. Professor Leslie
' Glasser, mny co-supervisor, has taught me a great dral
and has done a lot to a351st the productlon of this .
thesis ' |

Sigai, my wife, has been the uncemplaining companion
who sustained me (both physically and emotibnally)
_ throughout the laboratory and write-up stages. 'Her
'promises of a "normal llfe soon" have kept me 901ng.
She has been so crucilal to my well—being over the last
few years, and though she may find 1t hard to believe,
much more 1mportant to me than the computer...

 Our family, particularly my father, has never given me
the option of baling out at any stage -~ before this
work was started and all the way to its completion.
They have understood my absences, and given me the .
1at1tude I required during the rough times.

A special thanks to all of my friends, the best of whom
seemed to accept the seat furthest from the front
o during a thesis write-up. Mitchell, you inspired ne
since primary school. Derek, you kept my perspective .
clear; Clive and Renee, Miriam, Gal and Michal, Yaron
and Claudia. Ybu'guys never gave up on me, and a bit of
each of you is between these pages.

Ann Leins and Graeme Wald, you have done much more than
- helping with proof reading. Our bond and understanding
is deeper than just a common choice of career.



S iw

- Julia, Jokn,. Douglés'and“Jﬂrgéﬁ,'ithas,éobd;'darnfgﬁodjru"

u_real acod!, and aga'n,'advice and help from you has'_

 contributed significantly to this thesis. Thanks too,

'-to my colleague and friend, thn Mellor, for plenty of .
aﬁv;ce -and encouragement. S :

Wlthou* ‘the technical and admin13trat1?e staff in thE'
Chemis;zy Departmant,_nothlng at- all would havg_gcne
'beyondfdesign. Agnes Pointeer, Rowené-BirreL,:Shirléy
.parker, Shirley Pager, Steve'van der Schyff and your

staff, " Basil jChasSoulas,' Ellen ~ Mohamed,  Barry

‘Fairbrother, steve:_Gannon}_:Stewart Fripp and. Tony

 Voorveldt in Physics - thank you all for the years of

help. Thanks are also: due to- the staff of the electron
_ mlcrcscope unit for help, coachlng and adv:ce._

Murray-waerf?is-sincerely-thanked for his assistance
and effort in ‘the XP§ study, and Peter Wade gave
generously of his time and expertise for the speciation
calculations. |

I wish to thank Neville Bird of STC Components for
help, advice aﬁd._generasity. The ‘Univefsit}' and the -
Foundation for 'Research Development are gratefully
acknowle&ged for flnanclal support. My émploy&rs, Anglo :
American Research Laboratories, are thanked for being
accommodating. . -



| TABLE OF CONTENTS

. ABSTRACT ;.....;;;;;.;;.;.;.;i..;;....;;..., i
' ACKNOWLEDGEMENTS .+« vveecnnenvannesnsnnses dd
TABLE OF CONTENTS  ...vvesnniveeonaconariscnes ¥

LIST OF ?IGURES:-;..l..u..;}.ai,a.;....Q.w?-.Xi
LIST OF TABLES  ..sveenesnnenensnnnnnesns XXVL

'LIST OF SYMBOLS ';..;.;...,.;;,;..‘,....... XX

LIST OF ABBREVIATIONS .....oviseennas... XXxid

PUBLICATIONS ARISING FROM THIS WORK .... xoxiv

| cHAPTER' 1. mmonucmou s RRTIEE

1,1. ELECTROCHEMICAL STUDIES WI’I‘H 'I‘HE QLIARTZ eess 1

] ] CRYSTMMICRQMCE -lillii.ﬂ.lﬂ.l..‘,)..‘ . R

1.2, ELECTROLESS PLATING ...eneeveessesecnnssarss 3

1.2.,%. Definition of the electroless T eeas 3
prQﬂESs -'&ouol'h ooooooooooo ito,&cn.-o&n

.2.2. Electroless platlng - a materiagls ssan B

preocessing technique ..... Pevedaiadsnnes :

'1.2.3. Variety in formulations and vees 7
conditions for electroless platlng PEETTS

) 1 3 PROJECT OBJECTIVES'OIbh tttttttt ‘l..l.ntii!!t 9

CHAPTER 2 THEORETICAL cousxnmammms SR b

2.1, ELECTRODE PROCESSES ...szescvveons ceenesens 11

2.1.1. INtroduUCLiOn +vsseivseeeonooennenasnes 11

.29102! Mass transport h.it..-.c-#t‘a.ai .......... 11

2 1 3 Electrode ReaCtlﬂnS .onoun--t-ino,aa-iu 14
2.1.4. Mechanisms of Electrode Processes ....'30

2.2. MIXED POTENTIAL SYSTEME . ..uvsucevicnsnnean - 31
2.2.], Introdiction ...iveviirenvescsavssrnnra 31
2.2.2. Coupled reactions I

2.3. ELECTROCATALYSTS ..evvu:esvraesesreccnnns. 35

2.4. AUTOCATALYSIS ...uvvecceconsencansocsasaons 40
2 5 ELECTROANALYTICM! TECEMIQU—ES 4% ok orp i.-i.‘t-q. 41
251 VOltammetry QII.I.I‘IIC.P;.l.‘l"...-...'. 41

2.5.2. Rotating Disc Eledtrode :.,...;....‘;., 44



i

2.8, 'mcrmgums FOR smmms Emcraowss Y
- PLATING ' +ovesvvosnnnsass
CHAPTER 3 THE QUARTZ;MICRQBALHNGE - ... Bl
TECENICAL DESCRIPTION ~....covviviosess =
- 3.1, QUARTZ CRYSTALS ......cvcevecenenacwnnosens BL
3.2. THE PIEZOELECTRIC EFFECT ......oveeveescses 52
3.2.1. Explanation of the piezoelectric L ees B2

Effec't 1.%'«00-tt.‘h(;qa.._-_-.ua_ ........ iu.
3.2.2. Shapes of crystals .i,;......;;.;ag... 55
 3.3. THE QUARTZ CRYSTAL AS AN OSCILIATOR ~~ ... 56 .
EI‘EWNT oo..o.Io-nqoa_a;..--q_o---i-&u oooooooo A
3.3.1. Quartz crystals as resonators veseavss 56
3.3, 2 05clllators .;...,,t.a,;....,;........ 57 -

3.4 MASS CHANGES AND RESONANCE FREQUENCIES ... 63
' 3.4.1. Mass change - resonance frequency L ees 63

‘relationship ........0vevvnn Seerienveas -
"3.4.2. Factors contrlbuting to apparent ... 67
_ mass change esasenrsareieesrerareanesan
3.5, ELECTROCHEMICAL APPLICATION OF THE ..~ . ... 74
QUARTZ CRYSTAL MICRQBALAHCE Phe kN e v ene ey
3.5,1. INtroduction ...esveeeseesonns cereeees T4

3,5.2. The quartz mlcrobalance electrode eees 1B

3.5.3. Electronic circuit considerations ... 76 .-

for the quartz microbalance electrode .. _
3.5.4. Control and design of quartz o Pow 18

‘microbalance experiments ........ N _
3.5.5. Examples of the electrochemical c.. 79
applications of the quartz mlcrobalance' -
.electrode ........ cmanian e aeneran e o
' CEAPTER 4 LITERATURE SURVEY - o ... 82

ELECTROIIESS PLATING nar.olo.--.-au'--‘b-- ]
4.1. GENERAL STUDIES IN ELECTRDLESS PLATING .... 82

42 EIIECTROLESSNICEL uuu-.jno--oqioa.bqpnnc 97
4'-3. ELECTRDIIESS COPPER --0.1o.‘_o'h‘-wp-._i-.nv..ouﬂh 106
4.3.1. General and mechanistic studies ..... 107"

4.3.2. The effects and actlon of additives .. 118
tO COPPEIbaths -aqpa_-pc-ooi.--o-.‘t._n...o. )

CHAPTER 5 INSTRUMENTATION AND PROCEDURES . . "12_5

5.1. ADPARATUS OF‘ THE QUARTZ MICROBALANCE .. 125
ELECTRODE ‘..t.‘...lﬁll"lﬂ.'.liﬂ- ....... ?.Il—-

'5.1.1. The quartz microbalanCe ....vecivese. 125



vil .'

5.1.2. Electrochemistry i iee e

5.1, 3 Computer software RS

2 QUARTZ MIGRDB&LANCE LLECTRODE
PREP&RATION .ln-'étot .lni-np-iotnl

AL B

. &

5.3. QUARTZ MICROBALANCE ELECTRODE HOLDERS
5.4. GLASSY CARBON ELECTRODES AND HOLDERS
5.5, ELECTROLESS PLATING BATH FORMULATIONS

'_,5 5.1, Low temperature electroless nickel

-

LI

5.5.2. High temperature electroless nlckel .

5.5.3. Copper - trlethanolamlne bath
5.5. 4. Copper bath with hydroxyqulnollne

sulphonic acid additives ......

L

»

aaaaaaaaaa

5.6. MISCELLANEOUS SOLUTIONS ........ ceeces

5.6.1. Copper plating solution for

calibration of the QME and stripping of

copper deposits siavecavinerese
5.6.2. Strlpplng solution Sesrees

5.6.3. Plating bath modlflcatlons for low

temperature nickel baths ......
' 5.6.4. Sodium acetate solution

.OUl!

i‘o.lo

L

LR S

127

129
130
131
136

137
137
138
139

139

.» 140

' 5.6.5. uoncentrated sodlum hypophosphlte  _;

- solution ..... Cearareesanne teene
5.6.6. Copper platlng sclution for use as

substrate in Bath 1 ..........
5.6.7. Palladium chloride splution

5.6.8. Solution for electrolytic
- deposition of Wi-P alloy ......

5.7. EXPERIMENTAL PROCEDURES ....... |

5.7.1. Calibration of the quartz
microbalance electrode ........

5.7.2. Determination of rates of

LI}

- % 5 4 a0

L]

- =

*

LI

- electroless depesition ...... ceveisiusaa
- 5.7.3. Strlpplng nlckel alloys from the

QME LR L L N L B A B L L B L I L B I I B

5.7.4, Derlvat on of the half-reaction

current densities in the complete low

temperature nickel baths ......

- 5.7.5. Derivation of the current dénsity - e

potential relationships for nickel

‘baths of different composition

. e &

. 140

141
-+ L4l

141
141

142

132
. 142

143
143

144

144

145

147



wiii

' 5.7.6. Derivation of the half-reactiom = .. 148
current densities on various surfaces
J.n nleel baths . .'..a..u....'.’........-q..l

5.7.7. Preparation of electrolytic Ni-P w149
. . depOSltS .b»(v.-_c.’-‘b---onl.'no.-‘b-.tgdtil.-: -';
' 5.7.8. Derivation of the half-reaction .. 150

current densities for copper baths .....
~ 5.7.9. Betivation energy measurements eeews. 151

5.7.10. Plating on glassy car.on L., 181
. substrates ......isisiciiininnsiaiiiiaan, —
5.7.11. 'Spectrophotometry B P 1 2- 3
5.7.12. Addition of acetate anion to .. 154 -

) plating baths .. .. s s sevawoe. - L S Y - . ' L] ) .
5.7.13. Effect of addltlon ofl{PO to .. 154

: Bathz q‘-‘qpb-b --------- Ono.-ooon-tondq.t&n.
5.7.14, Effect of sparging the ) . .. 155

. bypophosphite bath with oxygen ..... e -
5.7.15. Cyclic Voltammetry ....vevecooen cese 185

5 7 16. X~ray Photoelectron Spectroscopy : .. 156

- and Scanning Electron. Microscopy crerave B
'CHAPTER 6 RESULTS AND DISCUSSION - TEE .. 157

© QUARTZ MICRQBALANCE ELECTRODE ,;.;.,.. ;

6.1. APPARATUS ..vvuivsovsncarans R 1 ¥
6.1.1. Crystal ...,........s.........,....;.,3157
6 1.2. Circuitry and 1nstrumentation cassere 159

6.2. SENSITIVITY AND ACCURACY .v...oesnvevsecss 161
6.2.1. Theoretical and cbserved .. 161

sensitivity .......0.000n chaeaanesn crvena '
6.2.2. Comparison to previous results e 165 °

6.2.3. Use of the QME in corrosion studies .. 168
Of alumin‘i-um -totn-né----u-lbi-n-iwopotc

6.2.4. Reproducibility of experimental .. 169
results ...l.!ot.i .................... - .
CHAPTER 7 RESULTS AND DISCUSSION - ' .. 170

AUTOCATALYTIC NICKEL DEPOSITION ...... |
7.1. EFFECT OF OXYGEN ON NICKEL PLATING RATE .. 170
7.2, ANODIC 'smppmo oF EIE-CTROLESS NICKEL .. 170

FIIMS ....... et ereaeecneannnes
7.3. ACTIVATION ENERGY DETEMNATIONS cerernees 174

7.4. PARTIAL CURRENT DENSITY CURVES AT .. 178
STEAD! STATE -_-s--'...-..........a...-.-.-ai



ix

7 4.1. Low temperature electrcless nickel .. 178 o
baths 'ci.-'c---.-.who#b-vtnocu-'n'n-'p.-v;-&»on )

7.4,2. Quartz microbalance electrode study .. 193
of a high temperature electroless. :

nlee:l bath _--—-av!nih!-:cQ'tni-at&.‘d‘a.‘at.“.. )
7.4.3. Addition of sodium acetate to Bath .. 196
1 and Bath 2 ...ceveivnnoen- e _
7.5, ELECTROCATALYTIC ACTIVITY OF Ni~P AND .. 197
N:L""BDEPOSITS t.c..-'i'--.intn_it-o.._’.-t_-ldolot . .-
7.5.1. The Ni-P 8l10Y .eoenesunecrnnranes ees 197
7. 5 2. The Ni-<B AlloY «veevacenes D 1: |
7.6, CONCLUDINGREMARKS etnrearecans e ceees 252
CI-IAPTER 8 RESULTS AND DISCUSSION - - ..255
AUTOCATALYTIC COPPER,BATHS s resenrey o
B.1. INTRODUCTION ....e0uveeeeneens e M eseanns 255
8.2, VERIFICATION OF PUBLISHED RESULTS FOR .. 256
THE COPPER(II)-TEA BATH reseasens Ceeeraee
8.3. PARTIAL CURRENT DENSITY CURVES IN ... 259
' COPPER{II)~-TEA BATHS .......... feeereenn o
- 8.4, COPPER com..,s:ms WITH EDTA, HIQSA AND .. 263
HQSA R L T T T T T R I ‘.!"‘I“."‘.-l.tll.ll

8.5, VERIFICATION OF PUBLISHED RESULTS FOR .. 268
'THE EFFECT OF HIQSA AND HQSA ADDITIVES ...

8.6. PARTIAL CURRENT DENSITY CURVES IN .. 276
PRESENCE AND AHSENCE OF HIQSA AND HQSA ... '
§.6.1. Introductlon Ceeenen cheersisdieansenss 276
8.6.2. Current dens;ty curves with the . 276

. HIQSA addltlve -k ow .-'i CEL O L O I B R LG B B ) o
8.6.3. Current density curves with the .. 280,
HOSA addilfive .ivieirerrnnsissrasinmnnns .

8.6.4. Influence of the hydroxyqulnallne .. 284
sulphonic acid additives on the
autocatalytie dep051tlon mechanlsm .....

8.7, CONCLUDING REMARKS ...vsevsevveonansasnass 288
CHAPTER 9 CONCLUSION Citesinasaseernesssns 290

9.1. CONCLUSIONS FROM EXPERIMENTAL WORK ....... 290

9.2. RECOMMENDATIONS FOR FURTHER RESEARCH ..... 295

BEE'ERENCES tqoono.cn-g-p...'.-_--z.q-u_o'ut-.--.n.-‘.' 298

APPENDIX I LIST OF CHEMICALS ........... 312



| IA?PENDIX I cm@umn pRmmmms DEUUSRUREE LR
' APPENDIX III CALCULATION OF j, FROM THE . DT I

RATE OF ‘ALLOY DEPOSITION . ¢'~ IR AL o - ’

' APPENDIX IV EXAMPLES OF RESULTS mom Cows

REPEATED EXPERMNIS . -'. ) v LI N R S )

APPENDIX v smm:swxcs e ese 348

APPENDIX VI DESCRIPTION OF THE JESS .. 381
| SPECTATION MODELLING SOFTWARE ........



CHAPTER 1

Figure 1.1 

' CHADTER 2

Figure 2.1

_Figuréfggz

Figure 2.3

©ooxi

| LIST OF FIGURES

Schematic representation of o ce. 4

electroless plating. .«....civssneenes

‘Schematic pathway of a general RN 15

electrode reaction (redrawn from

" Bard and Faulkner 1980, p. 21). ve...

The electrode-scolution interface cv 20
according to the Stern model. A

layer of {(~) excess charge is stuck

to the positively charged electrode,

with the remainder randomly

distributed. The locus of centres of

the stuck ions is at distance a from

the electrode. Water molecules have

been omitted, but these molecules

- prevent closer approach of the ions.

{Bockris and Reddy !370 pp.

?34“?35) ..‘..?.....‘.Q..'.'!..‘..-‘.-_.'.

Arrangement of ions at an electrode., .. 21
showing the Inner Helmholtz Planse

(LHP) and Outer Helmholtz Plane

(OHP) . The existence of these planes
glves rise to an electrical triple

layer, the first being the layer of
charge of the electrode surface.
Counter-ions have been omitted

(Bockris and Reddy 1970 p, 750). ...,



 Pigure 2.4

Figure 2.5

Figure 2.6

Figare 2.7

Figure 2.8

CHAT 'R 3

Figure 3.1

"Figure 3.2

xii

.....

Graphlcal representatlon of th@ f:'f:.. 29 |

' Butler~Volmer equation, showing the

linear region and the exponentlal
region, which are used in the Jow
and high field approximations,. -
respactively Tue relationship: shown
here is symmetrical, which is %rue

for the case o = 0,5, Redrawn from

- Bockris and Reddy (1970 p. 886}. ....

Schematic representation of thg .. 32

- mixed potential system. Two redox

procesges (1) and (2), with fopgmal
equllibrium electrode potentials £°
and Ea, respectively occur. The
mixed potential is E,, and the
measured current denslty is shawn by
the broken line. Redrawn from Calvo
(1986) p. T0u aveanneaiiaasan cereeen

cyclic voltammogram of 10.0 mmol L"1 .. 42
K,Fe (CN), 1n 1 mol L™ KC1 {25.2°C). :
Scan initisted at 0.80 V vs. SCE in
a negative direction at 100 mv s™.
Platinum electrode 0.0314 cn’. E, =
peak cathodic potential, &, = peak
anodic potential. I, = peak cathodic

current, T, = peak anodic current. ..

‘Hydrodynamics at a rotating dise y ';. 46

electrode (redrawn from Southampton -
Electrochemistry Group 1985 p. 116).

Voltammogram of 10.0 mmol L™ .. 47
K,Fe {CN), in 1 mol L™ KCl (25.2°C),
at a platinum RDE. Scan initiated at
0.80 V vs. SCE in a negative
direction at 50 mV s™. Platinum
glectrode area 0.0314 cm®. ...veruava

The direct piezmelectrig.effect. cvees. 52

The converse'piezoeleatric effect. cees 53



Cxidd

Eigure:3;3_ 'The orientatlon of AE and BT cut 'f"};_ﬁﬁf
S ' crystal wafers, R, m and r represent . :
the specific faces of the crystal ve

Figure 3.4 Perspeative view of a quartz crystal se B5
' - piezold, showing overlapping region

of electrodes with unequal radlus,

and profiles of planar and S
plans-convex crystal wafers. c....... -

Figure 3.5 The elements of an oscillator. A .. 58

. - ampllfler, B = feedback network, R
Vi{in) = supply voltage, + = miger
and § = 8ignal. ceeaveaniacrencannois

!

f

Figure 3.6 The equivalent circuit of a quartz .. 58
- S erystal reésonator. Rl, Ll and Cl :
comprise the reactance of the
crystal and €2 is the mounting
capacmtance‘ ...;..;......,..b...;..;

Figﬂre'3.7 c1app crystal osclllator (Frerking T .. B0
S 1978 p ] IR

. Figure 3.8 .Plerce crystal osc;llator (Wolfgang ,._60 
: and Hutchinson, 1991, o 10 =1)e aenin

Figure 3.9 | Colpltts crystal oScillator N T .. Bl
S {(Wolfygahg and Hutchinson 1921 p.

10“1}!31105nc¢.-«a ----- n-o]ioon{n-;ht

Figure 3.10 7418320 integrated circuit crystal .. 61
controlled oscillator (Hardy 1983 p.
7-46631‘ 4l'-‘bo.b’!ltt'i“d‘pqi.-nl’iil_nibldl

Figure 3.11 Dual-input NAND-gate pscillator .. 82
(FrErklng 1978f p! 107) R EREE SRR EN ’

Figure 3.12  Surface depressions entrap liquid, .7
: - which contributes to film mass
during shea: mode oscilla.ion. ......

Figure 3.13 Schematic representation of rigidly .. 72
and viscously coupled water {(Betk,
Pittermann &nd Weil 1992)- AT e

Figure 3.14 Adsorbed species contribute to mass .. 73
' " of a crvstal resonator in shear nmade
OSClllatlan.....---.--.oa-ao¢-io.acc



gmem

fFigure 4;1?

Figure 4.2 .

FTigure 4,
Figure 4.4

Figure 4.5

Figure 4}6

Figure 4.7

Gatalytlc actlvitles of matmls for .. 95 -
the anodic oxldatlon of fiive
reducing agents. B, = gtandard

- peguction potential of the reducing
- ‘aghnt, H, = reversible hydrogen o
~ _potential (potentials at 10™ A cm®)

- {Chno 1991). The bath campcsitions

. “ware specified by Ohno, _
ﬂ;rESpecLively. Weemaasenneadinnnnasnna

$Chemat1c representation'of the =~ .. 96
three. types of log{current den51ty)
w5, potential curve ohserved

- experimentally (Chno 1991). I =

Tafel behaviour, 2 = liniting

 current, 3 = volcano ‘shape cereeieean

"Pa551vatlbn modal of Wi-P alloy, S . 103

resulting in the formation of a
barrier layer of H,P0,” (Diegle et

al 1985}. -uotttv.on’tnln!.‘l.tul.l.;l.t

Schematie model of oxidation . 104

mechanism of Ni-P alloy,

illustrating the formation of

H,P0," (adsorbed] as an intermediate

product (Hofmann and Weil 1993).-.

Schematic representation of the . 109
electro-dehydrogenation of an '
adsorbed methylene glycolate anlon

. on a copper surface during

electroless copper plating
{Gottesfeld et al. 1986). ......cv0.

The O attack on surface bound . 113
H,PO,” (Hung and Ohno 1990). ......... '

Projection formula for B N . 114
triathanolaminEO U'.IQII.Qttilb"Ilﬁ".“ ]



Figure 4.8

“ Figure 4.9

'Dependence of copper deposztion rate 114 '

on. the concentration of.
triethanolamine and other ligands,

“at 60°C. Kondo et al. (1990). Bath

composition: [Cu*] 0,060 mol L™,
[HCHO] 0.22 mol LY, [K,Fe (CN),] 20
ppm, (2, 2'~dipyridyl] i0 ppm, _
[ngand] variable, PH at 25°C =

12 8. n-ntnin-uoa-nnn-.uo-v.a.lnot...

Schematic adsorption of = L1158

triethanolamine (TEA} on a copper
surface in an electroless plating
bath (A). Adsorption of a Cu®-TEA

o mons layer (B}, -followed by

- Figure 4.10

- Figu:e'4.11

Figure 4.12

| CHAPTER B

Figure 5.1

‘allsorption of TEA (C) when there is

excess ligand. This causes
deactivation of the surface (Kondo

et al! 1991)' ‘I..I-.Qi.l.luI‘ﬂ-".l‘I@ﬂ

Change in plating rate (relative to . 119

. a bath coataining a gilven amount of

HIQSA) as a function of [HIQSA].

~ Bath composition: CuSQ,.5H,0 0.02 mol

™, Na,EDTA.2H,0 0.1 mol. L™, HCHO

0.4 mol L7, [HIQSA] variabla, pH _
12.8, ~25°C. Redrawn Zfrom Schoenberg
(1972) apa-igoqni¢aa uuuuuu nguu»osgga

Adsorptian_df HIQSA.td a ¢opper- . 120
surface, and chelation of aqueous -

- copper complex (Schoenberg 1272).

The effect of guanidine . . 1z3

- hydrochloride concentration on

plating rate in an electroless
copper plating bath (Hung 1985). ....

Block diagram of QME apparatus. WE, . 125
RE, CE are working, reference and
counter electrodes respectively, D =
analog/digital interface, G = IEEE
GPIB 488 interface, S = oscillator

' signal and X3TAL = 5 MHz AT-cut

quartz crystal. .oa‘tq-iunc#s'oxn’!.tt
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Eigure

5.2

5.3

5.4

5.5

5.6

5.7

- o-ring, G = SlllCOne gaskat, C =
‘erystal, W = washer,.N = nut, B; B'

'Electrode pattern on quartz crystal

wafers, The shaded arsa shows the.
redar electrode {plan view mot to

.Modlfled ?1arce~Miller oscillator

Clrcuit IUIO&IIICIIIOI.OJ..’l..‘.i‘l.h

Dummy cell re51stor network. RE =

reference electrode, CE = counter
“electrode, WE = working electrode. ..

OME holder 1. T = glass tube, 0 =

‘*TEflGra bOdY PartSa %wo-ln'-gai_a--g-.

_a-ring,-s = silicone gaskgt, C =

 crystal, W = washer, N = Perspex

nut, G = Glass tube, P = sealing

plug} ;'tbciﬁb--ninn-io¥to¢00auu¢tq¢o‘o-pn

- OME holder 3. G = glass tube, 0 =

o-ring, $ = silicone gasket; C =

" erystal, U = Teflon cup, W = Teflon

aSher. Q‘.i‘lbll.lfll‘!.!ﬁiiiﬁ‘.i!ﬁbl

Photagraphs of the QME holder
{holder 3, Figure 5.7) and the
assambly of the electrochemical cell

top -a»i-u. 1-!»*.:!!‘.1.‘0!-.»!i-01

'Glassy carbon electrode holder. G =

glass elbow, D = G.C, dise, 8§ =

- silicone adhesive, W = multi-gtrand.

COPPer Wire, .iuiveieverracensarecnnea
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Figure 6.1

'Figﬁre 6.2

Figufe'ﬁ.s_

Figure 6.4

Figure 6,5

- Figure 6.6

~ CHAPTER 7

Figure 7.1

Figure.?.Z'

Response of the (ME to electrolytic . 162

-deposition of nickel at various
potentials. Electrolyte. Bath 1.

Temperature 35°C. ...l tesntacera g

Reaonance frequency as a tunction of v 163

“time during galvanostatic deposition

of copper. Electrolyte: Cus0Q,.8H,0

{0,721 mol LY, 98% H,30, (0. 036 mol.
L), Temperature 30° c Moderate _
Stlrr.lng; L] h&g [ R R R ..0.0 L L ] .-..

Box-and-whisker plot of the L 164
sengitivity data for the QOME, . '
presented in Table 6.1. ....veveivona

Sensitivity of the QME. ..,,.......... 165

Partlal CD curves for Bath 1 at 35°C ., 167
obtained uslng the QME e rbeenarennn

Partlal CD curves for Bath 1 at 35 c . 168 -
obtained using the RDE {Orchard
1988b) n.I.-tnl.o.--n.oh.llno!,nbu.i.tb

Anodic stripping veltammogram of . 171
electroless Ni-P deposit in - : o
acidified Na,S0, solution, on glassy
¢tarbon. Sweep rate 2.5 nmv s,
temperatiure 26.5°C. coeenrseveoaannnn

Superimposed traces of current . 172
response and first derivative of :
mass change per unit area for a QME
undergoing anodic stripping of a

: nlckel—phosphorus alloy film. Sweep

rate 5 mv g™, temperature 25° Ci snuna
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Figure 7.3 -Arrhenius plot of the rate data for _51176'
the hypophosphite based bath* ,;,.*..

- Figure 7.4 Arrhenius plot of the rate ‘data for . 177.
. ) ) S thEDMABbaSEdbath .ootdcto-.t,.-.'i. .

Figure 7.5 Plots of net current density (ju.), - 179
and cathodic and anodic partial _
current densities (j, and j.} vs.

- potential (B) for the hypophosphite
bath (Bath 1} at 20°C. E,; = open- :
circuit plating potentlal Ciereeamas

‘Figure 7.6 . Plots of net current density (7,.J, - 180
- - and cathodic and anodic partial X
current densities (j, and j,) vs.
potential (E} for the DMAB bath
(Bath 2} at 20°C. B, = open circuit
platlng potentlal. Ve evekruaiasse b b

- Pigure 7.7 Plots of the anodic current demsity . 182
. (7)) vs. applied potential (E) fox

Baths 1 and 2, and these baths

containing 2n®* instead of Ni¥. All "

measurements were made at 20°C, .i...

‘Figure 7.8 Plots of cathodic current densities . 183
+ 7. (J.) for Bath 1, Bath 2 (from Figure :
7.5 and Figure 7.6) and for a bath
containing no reducing agent. All
data obtained at 20°C. ... ¢ivennves

Figure 7.9 Plots of 1lnj, vs. E for data of . 184
_ Figure 7.8. ..viivrarsonevivensansons

Figure 7.10 Tautomeric forms of the H,PO, anion. . 187
Figure 7.11 Three-valent phosphorus tautomer of . 187

H,PQ,” actlng as a bridglng ligand _
for Nit, t.iiviiriiinneconnes ehee e ve

Figure 7.12 Absorptiqn spectrum of Baths 1 and 2 . 189
without reducing agent, at 23°c, chew

Figure 7.13 -Bbsorptlon spectrum of Bath 1 at . 189
) . 23 C’ .-..I.’.’-.-‘.‘.i..i.......'-‘...
Figure 7.14 Absorption spectrum of Bath 2 at . 190

23 C. -'.....va-'-bupc-iﬁ-_-._-oo'--.nqco.-utnop_'.



Figure 7.15

- Figure 7.16

Figure 7.17 .
.. ... Bath 3, obtained using a rotating
disc electrode (Mughogho and Orchard

Cxix

Absorption spectra of Bath 1, and
" Bath 1 modified to contain phosphite

instead of hypophosphite anions.

(*) SEEERRLLY

|  'Mbd1fied solutlon trace indicated bj

'Absorptlon spectrum of
- phosphite-containing solutlon Wlth
'&'Eath 1l as reference.

Partlal current densmty curves for

-7.1993) e

Figure 7.20

| Figure 7.21

Fiqure'7.18
- ... - ‘Bath 3, cbtained using a quartz
mzcrobalance electrode.

..aaico--o!l'!'lp

Partial current denSLty curves for

Botentlal vs. time behaviour_during
open_circuit re-initliation of
autocatalytic deposition at 35°C on

. partially stripped deposit (A, B)
and non-stripped electroless deposit
{C, D) [(=ee also Flgure 7.20). ...,

Mass change per unit area vs time
behaviour during open circuit
re~initiation of autocatalytic
deposition at 35°C on partially

stripped depogit (A, B) and

non-stripped electroless deposit (C,
B} (Same experiments as in Figure

T.18) 0 cianees

8 & 4 F AR R AT SR

{a) electrode

potential and (b) mass change per

unit area vs.

tlme

-pini-o-.og_-

. 190

. 192

. 194

- 195 ’ .

-

.

Initiation of electroless plating on .
various stbstrates:

198

198

201 -



."Figure_7f22

. RR o

ﬂCurrent ~ time behaviour of . varlous 203" L

surfaces in different. solutions

; during the early stages of

potentiostatic deposition at -0. 950'

v, Key to surface, solution .

:Figﬁre”7.233

Figuré 7.24

Figure 7.25

cowbinations: 51, 82, 53 are

electroless Ni~P; partlally stripped
Wi-P and electrolytic Wi, _
respectively. Bl, B2, B3 are _
complete electroless kith, the bath
w:.thout H,PO,” and the bath without
Ni%t, ‘respectively. For clarity, .
plotting symbols show only every

10thdatmﬁ; n ------- .ocoottebooooviu.‘q

Mass Changé per unit area vs. time , 204

‘behaviour of various surfaces during

the early stages of deposition at
~-0.950 V. For key to surface,

‘'solution combinations, see Figure
- 7.22, Por clarity, plotting symbols

show only every 10th datum._;.‘...i,.

Selected current den51ty vs. time . 209

curves at three potentials on the
electroless and the partially
stripped deposit, respectively.

Moderately stirred solutions at

35°C.. For glarity, plotting symbols
show only every 20th datum. .........

Current density curves over a period . 210
of 200 s, at potentials ~0.875 V,

-0.950 V and ~1.025 V in the

'-. complete Bath 1, using an

Figure 7.26

L

electroless Ni-P substrate (leP
For clarity, plotting symbols show

only every 20th datum. .i.v.ivviniaan

Current-den51ty curves over a peribd;.'211 |

of 200 s, at potentials -0.875 V,-

- -0.850 V and ~1.025 V in the
. complete Bath 1, using a partially

stripped electroless Ni-P deposit as
substrate. Note: scale of current
deHSlty axis 1s different from the
previous figure. For clarity,”
plotting symbols show only every
20th datum e



 Figure 7.27

Coxxi

Current density curves over a period . 212
of 200 s, at potentials -0.875V, -
20.950 V and -1.025 V in the

o complete Bath 1, using an -

 Figure 7.28

‘Figure 7.29

Figure 7.30

~of 200 s, at potentials -0.875.V,

Figure 7.3

' Figure 7.32

‘electrslytically deposited pure -

nickel substrate (Ni). Note scale of
current density axis different to
previous figure. For clarity,
plotting symbols show only every

-Zoth datum g¢¢q-a;on--fq.¢.- ----- E.;;

'Current den31ty curves over a perlod N 213

of 200 s, at potentials -0,875 Vv,
-0.950 V and -1.025 V in Bath 1

lacking in H,P0,”; using an

electroless Ni-P substrate (Nl*P)
For clarity, plotting symbols show
Only Every 20th datum- R I I R R o:o

Current density curves'ovér a period . 214
of 200 s, at potentials -0.875% Vv,

.. =0,950 V and =~1.025 V in Bath 1

lacking in H,PQ,, using a partially

- stripped electroless Ni-P deposit as

substrate. For clarity, plotting

symbols show only every 20th datum., .

Current density curves over a period . 215

-0.950 V and -1.025 V in Bath 1

lacking in H,PQ,”, using an

electrolytically deposited pure
nickel substrate (Ni}. For clarlty,"
plotting symbols show only every .
20th datum. .icvivvsanrseriosansnionns

Curreﬁt density'curves over & perlod . 216 |

"of 200 s, at potentials -0.875 Vv,

-0.950 V and -1.025 V in Bath 1

lacking in Ni*, using an electroless

Ni-P substrate (Ni-P). For clarity,
plotting symbols show only every

Zoth datm LI L I T N R R R T R R ) LT T O I I )

Current den31ty curves over a period . 217
of 200 s, at potentials ~0.875 V, o
=0,950 V and =1.025 V in Bath 1
lacking in Ni%, using a partially

- stripped electroless Ni-P deposit as
substrate. For clarity, plotting

symbols show only every 20th datum. .
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- Figure 7.33 Current density curves over a period . 218 .
- of 200 s, at potentlals -0.875 V¥, :

~-0,.850 V. and -1 025 V in Bath 1

- lacking in Ni*, using an =
electrolytically deposited pure .

- nickel substrate (Ni). For clarity,
plotting symbolis show only every
20th datum Ceaesrracens e es i erens

- Figurs 7.34 Electron mlcrographs of vlrgln gold, . 222
- and electxoless Ni-P deposit on _ -
quartz microbalance electrqdes. PO

Figure 7.35 Electron micrographs of electroless . 223
S : Ni-P-deposits oh quartz microbalance
electrodes. The partially recoated
deposit was plating at an enhanced
rate when removed from solution. ....

Figure 7.36 Electron micrograph of electroless , 224
: S .~ Ni=P deposit on a quartz '
microbalance electrode. The depasmt
was partially stripped, then
- recoated with electroless Ni-P: untli
" the steady state deposition rate was.
Observed. ..ieiciieerinrracenarnnnes o

Figure 7.37 XPS spectra of electroless Ni-P, in , 230
: the Ni (2p 3/2) region, Deposit :
produced in Bath 1 on a glassy o
carbon substrate R TR

Figure 7.38 XIS spectra of partially.Stripped . 231
- electroless Ni~P, in the Ni (2p 3/2) _
region. Deposit produced in Bath 1
on a glassy carbon substrate, and
anodically stripped as described in
the text cveeraru e Casesana reeveunas

- Fignre 7.39 :XPS-spectra of electrolytic Ni in . . 232
o the Ni (2p 3/2) region. Deposift

produced in Bath 1 (in absence of

HPO,"); on a ¢glassy carbon

Substra.te; '-.;-_-ncc--n---ai.a{-..b'a.i-.ii

Figure 7.40 XPS spectra of electroless Ni-p, in . 233
: the P (2p 3/2 and 2p 1/2) region.
Deposit produced in Bath 1 on a
glassy carbon substrate. ... .0c000i0
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Xﬁé spectra of parﬁially stripﬁed-”f ..234” J
electroless Ni-P, in the P {2p 3/2 '

and 2p . /2) region, Deposit produced -
in:Bath 1 on a glassy carbon

 substrate and anodically strlpped as

described in the text heeiderE b

QPartlal current den51ty curves for . . 240

rarious substrates and compositions

- of Bath 2, electroless Ni~B. ALl
- results at ~0.800 V. Top row: Full

7.43

7.44

7.45

7.46

Bath 2. Middle row: Bath 2 without
Ni*, Botte. row: Bath 2 without _
DMAB, Left column: Ni~B substrate_

'nght column: electrolytically -

dep081ted Ni substrate. J..i.i0000000

Partlal current density curves for . 241
various substrates and compositions '

-of Bath 2, electroless Ni-B. All

results at -1.020 V. Top row: Fuall

. Bath 2. Middle row: Bath 2 vithout:

Ni%*, Bottom row: Bath 2 without

_DMAB, Left column: Ni-B substrate.
Right column: electrolytically

depOSltEd Nl S'lJ.bStrate- i - - .. LR BB l -

Partial e . ‘rent density curves for < 242
various s..strates and compositions

of Bath 2, electroless Ni-B. All

results at -1.100 V. Top row: Full

Bath 2. Middle row: Bath 2 without

Ni%**. Bottom row: Bath 2 without

DMAB. Left column: Ni-B substrate.

Right column: electrolytically

deposgited Wi substrate. ...nveeenee. .

Means plots for the effect of '3 }'245
applied potential and bath '
composition on j, in Bath 2 and in

~ ‘this bath containing no DMAB. .......

Three—way interaction of applied' . 2486
potential, Bath composition and

‘nature of the substrate on j, during

the 9-12 s period of measurement in
Bath 2 and this bath containing no

2+ _
Nl ._!0.-.l...ID.IG'&..!“‘D..—;-IQ.-I



rigure 7.47
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Figure 8.1

' Figure 8.2

. Figure 8.3

Figure 8.1

Figure 8.5

Ry

Two-way interaction effect between . 248
the bath compositionh and nature of - :
the substrate on j, during the 9-12
s period of measurement in Bath 2

- and this bath containing no Ni*. ....

Copper depositlon rate at a- quartz « 258
microbalance electrode vs.
concentration of TEA. Bath

composition: Bath 4, 60°C, with

moderate Stirring. ...oeveevavessiones

Partial current density curve for . 260
Bath 4, with [TEA]=0.182 nol L2, :
Temperature 35°C. E, = plating

- potential {(during electroless

plating). Data cbtained using a

 quartz microbalance electrode. ......

Partial current density curve for . 260
Bath 4, with [TEA}=0,481 mol L™,
Temperature 35°C, E, = plating

potential (during electroless

- plating). Data obtained using a

1. Intramolecular hydogen bond in . 265
8-hydroxyquinoline (Gllchrist 1987

“p. 282).

2, Typical chelation of
8-hydroxyquinoline with a metal ion
(Elderfield 1952 p. 147).

3. Schematic P-form of the

bis(8~quinolinolato) copper(II}
complex (0otton and Wilkinson 1980

Fo R - R I R

Deposition rate in an electroless « 269
copper plating bath, Bath 5, as & :
function of HIQSA concentration.

Data obtained using a quartz

microbalance electrode with mpderate
stirring at 30°C. A and B are

separate experiments. ..i.cciiiiiienn



Figure 8.6 Depositioh.raté-in'an elactroieés o
copper plating bath, Bath 5, as a

function of HOSA concentration. Data -

obtained using a quartz microbalance
-electrode with moderate stirring at

_ & .
30 Cn LI AL LR RS L LI B R L N B O B BB

Figure 8.7 - Absorption spectra of wvarious
' solutions: {a) CuSC,.5H,0 0.020 mol
L™, EDTA 0.10 mol L™, NaOH to pH
- 12.7, (b} same composition as (a),
containing HQSA 199.64 mg LY, ()
same composition as (a), containing
HIQSA 208 mg L. Blanks: (d} HQSA
- 199.64 mg L™, pH 12.70; (e): HIQSA
208 mg L, PH 12.70. veiiciecvinnanans

Figure 8.8 Partial current density curves of .
: Bath 5, with various concentrations.
of HIQSA: (a) 0 mg L™, (b) 38 mg
L™, (¢) 234 mg L™ and (d} 534 ng
L™. Data obtained with a QME, in a
moderately stirred solution at 30°C,
"pH 12.8. E, = plating potential
(electrolESs plating) .. LA B BB B - - vaew

- Figure 8.9 Anodic and cathodic partial gurrent

- density curves extracted from Figure
8.8, Obtained using a QME in Bath 5,
with wvarying concentrations of

-'_HIQSA. Solution at 30°C, pH 12.8. ...

Figure 8,10 Partial current density curves of
- Bath 5, with various concentrations

-

of HQSA: (a) O mg L™, (b) 89 mg L™,

(¢} 215 mg L™ and {d) 438 mg L.
Data obtained with a QME, in &
moderately stirred solution at 30°C,
pH 12.8. B, = plating potential
(electroless plating). .cinceerverrann

Figure 8,11 - Anodic and cathodic partial current

: . density curves extracted from Figure
8.10. Obtained using a QME in Bath
5, with varying concentrations of

"~ HQSA. Solution at 30°C, pH 12.8. ....
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LIST OF SYMBOLS

- area or anodlc process
activity
. agueous

cathodic process

concentration of species i

diffusion coefficient of species i

applied electric field, electrode pctential

Cequilibrium slectrode potential

standard electrode potential
electrode potential  during = electroless
plating ;

F dastrlbutian

Faraday constant, 96485 € mol™

 frequency

fundamental frequency of a piezoelactric

- element

current density

Cflux
- electrical current.
"1imiting current

adsorption equilibrium constant
stability constant -

rate constant of process X
metal lon, n+ oxidation state

-mass change determined with a QME

mass change calculated from the Faradéy_laﬁ_
number of electrons transferred, number of
moles of electrons transferred '
number of moles of species i

oxidised species
charge
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R gas constant

Red reduced-species_ )

R, électrbleés deposition rate

. ) -solid. o

s | drift speed

T . temperature

£, . bime

u' | Impb11ity

Ve velocity of solution at distance x from
electrade : ' '

rate of a pracess
¥, = adsorbed X
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CHAPTER 1 . INTRODUCTION

1.1 ELEGTRDCHEMICAL STUDIES WITH THE QUARTZ
' CRXSTALZMICRDBAL&NCE : :

 E1ecErochemical H"ut.i:'i.e‘s' are most commonly carried out

at solid electrode surfaces, or at mercury drop or Fillm
surfaces. Fundamentally, the experimanter can measure
the électrode ”poLential relative to some reference.
eledtrode, or the cell current corresponding to an
electochemical process occurring at the electrode.

The quartz (crystal) microbalance electrode is-
electrode located cn1 a quartz plezoid (pxezoelectrmc
 .transducer) which is set to act as a frequency
controlling element of an electronic oscillator
"circuitp'h change in mass of the pieZoid influences the
resonance frequency of the piezoid, which may easily be
measured. Thus electrochemical processes which cause a
mass change of the electrode may be monitored in the
usual way (i.e., potential or current), with the third
parameter of mass change also being measured in situ.
Mass changes which may be detected with a quartz
nicrobalance electrode are in the order - of
18 ng cm? s, such that extremely small amounts of
material deposited on or removed from the electrode may
be monitored.

BElectroless plating, also referred to as aﬁtodatalytic
depositicn,. is a .process which results ih ‘a mass
increase of the substrate on which it occurs. _The
process, which is electrocatalytic in nature, has been

found to take place via 1 multi-step mechanism. Some



degree' of controVersy ISﬁrrounds the mechanism or
‘mechanisms of autocatalytic depositlon.- '

The focus of this work is the study of electroless
plating systems using a quartz microbalance glectrode,
The désign_ing an-d_-building of the guartz microbalance
electrode' devi.ce"formed_ patt of the project, since at
. the time of commencement none could be purchased._ All -
'.studies using _the device at that time were achieved
using home-built circuite and electrode holders. The
quart. microbalance electrode built and used 'fdr this
project is, to date, the only one in South Afrmca {FRD
‘Council Repart 1982/93 p. 24)

The remainder of the chapter provides a general
description of electroless plating and sets out the
- project objectives. Chapter 2 presents some aspects of -
electrochemical  theory which are used in later
arguments, Chapter 3 contains a detailed description of
the technical aspects of the quartz microbalance
electtode, and reviews some of the literature
~ pertaining to studies using the device. A literature
review of studies in the field of electroless plating
is  presented in Chapter 4 and the experimental
_procedures and wmethodolegy. adopted in this work are
given in Chapter 5. The rema:.ning ‘chapters deal with
‘the results, discussion and conclusions of studies of
autocatalytic nickel and copper deposition. |



1.2 ELECTROLESS PLATING . -

1.2.1  Definition of the electroless process
Electroiess . plating iz  a surface-sensitive,

heterogeneously catalysed, chemical reduction of metal
ions from aqueous solution. The term "electroless” Wés'
colned by the inventors of the process (Brennér and
Riddell 1946) in order to differentiate this plating
 technique from electrolytic metal plating, vet retain
the information that film formation occurs via electron
traﬁsfer; The latter point thus excludes, for example,
metallisation by evaporation. '

AnIElectroless-plating-bath~cénsists of  the fbllowing
essential components: | |

» metal salt(s) in aqueous solution

« complexing agents '

« a reduging agent

+ acid or base to adjust pH.

Other components may be present to enhance or-mbdify_
bath.  characteristius. Examples of these are
brighteners, stabilisers and accelerators (Peldstein
and Lancsek 1971)., A schematic-representation of the
surface catalysed reaction is given in Figure 1.1.

- The overall reaction of electroless plating is
M™(aq) + Red(ag) — M(s) + Ox(aq) (L.1)
Aqueous metal ions are represented b?_ M* and the

reducing agent and oxidised product of the reducing
agent (both aqueous) are represented by Red and Ox,



. respectively. The solid metal deposit is represented by
M. The metal ions are usually stabilised in complexes
~with one or more ligands. ' '

((cé".\’i;ﬁ.'gx )) NON-METALLIC |
o " REACTION PRODUCTS

Figure 1.1 SChematn.r- representat:.on c:f electroless
o plating, - _

Electroless plating is a reduction-oxidation (redox)
process, hence two partial processes may be identified.
The g¢generalised partial processes of the electroless
system are given in reactions (1.2) and (1.3).

M*(ayg) + ne” - M(s). | (1.2) .
Red(aqf» Ox (ag) +  ne | .. (1.3)

Reaction (1.2) represents the reduction of metal ions
by electrons transferred at or via the substrate
- surface from reaction _(1,3), the oxidation_of the -
reducing agent. The number of electrons provided by the
oxidation of one molecule of reducing agent need not



necessarily equal the number of electrons requlred for_
reduction of the metal ion o

Although the_metai camplex_and'réducingfagent are both
in solution, the homogeneous redox process does not
take place. Heterogeneous catalysis is required in
" order for the reaction to'prodeed.'Catalytic sites may
be 1ntr1nsic to the surfac& of the substrate or they
may be the result of a pre—treatment procedure.

The requirement of a catalyst to enable the redox.
process to proceed implies that kinetiec stability of
" the bath exists. Thermodynamicjinstabiiity, however,

ensures that in the presence of the catalyst, the
pertinent reduction and oxidation processes will

proceed. = | |

_ Experiﬁentally it has been found that the electroless
" deposit is often not a film of pure metal, but an alloy . .
of the metal M and at least one other element
originating from the reducing agent. The minor
compdnent is - a secondary reduction product. The
existence of secondary products depends on the nature
of the reducing agent.

1.2.2 RBlectroless plating - a materials

processing technique

2An adherent metal film covering some substrate is a
materials processing phenomenon which has. countless
applicguions, rxanging from decorative 'finishing of
plastics to specialised-morphology thin metal films for
electronic' devices (Saubestre 1973, Armyanov and
Sotirova 1988), - - ' :



Numerous methods have been developed fnr metal cdatihg
{or metallising) of diverse substrates: The manner in

which‘_. the f£ilm is produced on the substrate

differs

according to the'requirements and specifigations of the

resultant surface, end use, and the nature

of the

substrate. For example,'an'electrolytic plating method
cannot be used to coat am electrically non-conducting
cbject. Similar limitations exist for other techniques.
Some of these'techniqﬁes are sumnarised in Table 1.1.

Table 1.1 Comparison of metal coating techniques.
S| Plating ‘Pechrique Possible Bubstrate Filim Formation | . Burface
' : ' . ' . Proaeis | gelective
- Conduaeter . Inatlator
alectrolytic T yes | na "1 aqueous ton | cathods only
1 : o _ _ : _ _ reduction ' :
" slectroless - yas  § - yes autocatalytie | yes
_ _ _ _ redox reduetion _ _
g hotogenaous yas [ yee redex in . ho
chamieal reducticn) - _ : . solutiaon :
| - evaporation . | yas yes | condensation no
fon sputtering ves yes atomic no
. © | deposition

Areas pf_technology”where electroless plating is used

or has been investigated include

. very large scale integrated circuit (VLSI)
manufacture (Ting 1988) '

. printed circuit board manufacture {Henry
1987) '

+ uptical fibre coating (Chatterjee 1984)

, automotive industry for metal-like "trims"

_ (Henry 1987)
. metal matrix composites {Judd 1970)
. electromagnetic interferéncé'shieldinq (Hajdu

-and Krullk 1983) -



«  medical: ferromagnetic implants for the
| treatment of carcinomas {Graef and Chandler
1890)

. corrogion protectlon. electroless deposmts
-have been shown to be better than _
electroplated coatings on equivalent
specimens (de Minjer and Bremner 1957)
’ ;--preparation_oi supported metal catalysts
(Coville et al. 1993).

Bayes and House (1991}, and Smith ({1991) describe
applications of electroless plated articles in harxsh
environﬁéan (for example, a North Sea oil'ring and

‘the production of composite films. These may be nickel
£ilns containing diamond, silicon garbide or Tefion
| powders. | ' | B |

1.2.3 Vhrlety an foxmulat;ona and cond;t;ans far
| alectrolass plating

The wealth of literature and the complex results
therein, regarding the mechanism of electroless
plating, suggest that the process is not a simple
bimolecular vredox reaction between metal ions and
~ reducing agent. Some of the variations on the general
electroless plating theme are set out below. |

1.2.3.1  Metals and alloys

Metals which have been successfully deposited by the
electroless technique include copper, gold, nickel,
silver, cobalt and palladlum (Pearlste1n 1973, Oklnaka
1974) . These metals are usually about 90 - 897% pure.



Binary and ternary alloys can be produce‘cl,' &.g. r
gol’dwcoppe'r_, (Molenaar 1882), n.ick_el—"cobalt'—'phosphorus
(Armyanov and Sotirova 1989) and nickel-molybdenum-
phosphorus alloys (Osaka, et al. 1988). o

1.2.3.2 Reducing agents

A number of reducing agents have  found appli:catid_n in

electroless plating. For example, nickel may be reduced
by the hypophosphite anion (H,P0,") or by dimethylamine
- borane (DMAB) (Feldstein 1970). Other compounds have
'alép_- ‘been used as  reducing agents, e.g., sodium
borohydride ~and  hydrazine  (Pearlstein  1973).
' Formaldehyde is used as a reducing agent in electroless
copper baths (Chatterjee 1984). It is also possible to
‘useé a less noble metal ioh as a reducing agent, as in
the case of the autocatalytic deposition of bismuth
- using TL{ITL) as reducing agent (Rutkevich et al. 1592,
1993). '

1.2.3.3 Temperature

Depending on the bath formulation, electroless plating
may proceed at temperatures ranging from about 20°C
{Feldstein 1970) to about 90°C (Gruss and Pearlstein
1983), | | L |

1.2.3.4  pH i:anges

Plating baths have been developed to operate in the
‘acid and basic pH ranges (Pearlstein 1973),



-Although the parameters mentioned abcve have been well
1nvestigated and documented, and ‘applications. for-
electroless ~films are numerous, a complete and
-universally accepted mechanism whereby the reactlon
occurs remains undiscovered or undisclosed. Clearly, if
oné'mechanisﬁ exists for the electroless deposition of

‘metals, it must be 'operative under a variety of

_conditions._If more than one . mechanism is responsible
for the process, 1t is of more than academic- interest
to know how these differ and how many there may be.
This knowledge could possibly lead to further
understanding of other heterogeneous catalytic
processes. The industrial importance of electroless
plating suggests that mechanlstlc understanding could
be exploited in the development of . tallor-mada and
efflcient platlng bath formulatlons. :

1.3 = PROJECT OBJECTIVES

In this project a quartz'micrdbalance glectrode (QME)
. was developed and applied -to the study of electroless
nickel and copper platlng. The apparatus was designed
and built in~house, where necessary, and assembled ta
give ‘an “instrument _ capable of performing
electrochemical  experiments  (e.g.,  voltammetry,
potentiometry, amperometry) and simultaneous in situ
gravimetry. The latter analytical method was especially

suitable for the reactions under study since the major
product of interest was a solid. | |

It was hoped that the capability to measure two
parameters simultaneously (e.g., electrode current and
plating rate) would overcome many of the limitations of
other, more classical techniques used in research in
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- electroless ‘plating (the methods referred to here are'
___descrlbecl in Chapter 2). -

once the tec‘:hnique of using the QME was validated by
comparison of initial results to exlsung data, a more
detailed study of elecuroless plating syste‘:ms could
commence. ' '

It has been stated that electroless nicke’l...pl'ating" may .
be achieved under: a __véri’etyl- of conditions. It 4is -
possible, for instance, to formulate a nickel plating
__bath which  will .operate -at room temperature. The
'autocatalys:Ls of nickel deposition may be based on a
- number of reduc‘.:mg agents including the hypophosphite
anion and dimethylamine borane. These systems were the
“focus of study in this work, In add:’t tion, the behaviour
of electroless copper bathsg ‘of wirious formilations was
:Ll;v_est:i.gated.,- with special attention given to the
influence of additives (stabilisers and accelerators)
- and c:omplex:i.ng agents, on the rates of the auwodic and
cathodic partial processes. | | |

bDuring the course of the research a property of the
 Ni-P alloy, wviz., the existence of two phases, was
~ observed. Although previously documented and i_.ndéed
studied (Cargill 1979, Benje et al. 1988), this
property has not been exploited in studies of
autocatalytic deposition mechanisms. In this work,
extensive investigation was 'ca_rrifed out to determine
the role of these phases in the electroless process.
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CHAPTER 2  THEORETICAL CONSIDERATIONS

2.1 ELECTRODE PROCESSES

*

2.1,1 Introduction

Electroless plating is & heterogeneous electron = .

transfer rraction and, as such, may be studied as an
 electrochemical  reaction with a  variety of

electroanalytical technigques. Chapter 2 dntroduces.

those important principles of electrochemistry which
are of relevance to the work reported in this thesis,

Th_é factors which a‘ffect the course of an _ele_ctrode '

process will also be described.

2.1.2  Mass transport.

E_lec'trocher'nistry is concerned with transformations of

themical species at the electrode-solution interfaca,
by virtue of electron transfer. Solution species which

' may react at the interface are usually of particular
interest. Thus it is important to understand by what
means, and how quickly, these species get to and from

the electrode.

Mass transport of species in solution may be by one or

a combination of three different modes; namely

diffusion, convection and migration.
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2.1,2.1 Diffusion

Solution species _are in constant 'rand'om mt:‘;‘:ion. A
particular species may move predomlnantly in a given
direction because =a concentration gradient (or, _m_or_e
correctly, ‘'a chemleal potential difference) exists in
* the solution. The chemical potential acts like a force.
Athins (1982, P '903')_ describes thie_ as a "“phantom"
force,' because there 1s no actual force at al'l only a
tendency for the solution te¢ achieve maximum entrapy. '
At an electrode, the consumpt:.on or production of
speeies produces a . concentration gradient. The rate of -
~ diffusion of a species may be determined from Fick's
~ laws (Atkins 1982, pp. 903-907), |

For purpe'ees"of electrochemisfi“y ick's first law can
be expressed in terms of the rate of diffusioen of
| 'partlcles through a plane parallel to the electrode
(the electrode is assumed to be perfectly flat and of
infinite dimensions). The rate of diffusion is the flux
(7 which, in the 8. I. system}' has units -"mol m‘2 g™
(Equat:.on 2.1). The diffusing entities may ‘be mns'

(species i), giV1ng rise to a charge flux.
J = -—'DJJ—HEI;{ : o . (2.1

In Equation 2.1, the concentration of i at a distance x
from the electrode is ¢;(x), and dg (x)/dx is the
concentration gradient. The minus sign ensure_e that
species are shown to move from an area of 'high
“concentration to one of low concentration (Pletcher
1991, pp. 18-20). D, is the diffusion coefficlent of
"'5pecies i and, typically, has a value of 107 'cm' 5™ at
25°C.
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The rate of change in concentration of species i as a
‘consequence of diffusion is described by Fick's second
law (Equation 2.2) . This law is derived by 'tréating the
rate of _change of concentration of i at the centre of
‘an element of solution bounded by two planes parallei
to the electrode {(Southampton Electrochemistry Group
1985 pp. 26-29). o

(2.2)

Instrumental methods such as. chroxiapotentiometry,'-

chronoamperometry and cyclic voltammetry are ‘based on

 the integratéd form of Equation 2,2, with appropriate
boundary conditions. | -

2.1.2.2 Convection |

Mechanical agitatlion, or density = or temperature
variations g¢give rise to bulk movement of solution.
Natural convection is & non-quantifiable effect, where
random vibrations and temperature effects cause
solution movement'. Forced convection may be used to
overcome the problem of natural convection. The
hydrodynamics of forced convection wvan be quantified |
~ under controlled conditions, such as in the case of the
rotating disc electrode (vide infra), or the wall-jet
electrode. ' ) '

2.1.2.3 Migration_

An electric field will cause 'm_hai:ged specles. to move
within the solution as a result of electrostatic forces
(Pletcher 1991, pp. 17-18). Cations will migrate



14

- towards thé negatively charged electrodé“whilé anions

migrate towards the positively charged electrode. The
- drift speed, 81 of an ion is proportional to the
- strength of the applied field, E (Equation 2.3). The
proportionality constant is the mobility, denoted by
u,» The subscript (%) indicates the sign of the charge
on the ion, '

.Si = wmE L _(2;3)

- The mobility ©f an ion is related Lo ionic size, charge
and the solution viscosity (Atkins 1982, pp. 896~905).

. Many electrochemical technigues are based on well
- defined conditions of ion transfer to and Ffrom the
electrode'surface;_ln order to simplify the conditionms, .
it is common to suppress the migration of electroactive
species. This is achieved by the addition of a
non-electroactive ionic vompound {e.g., KCl} to the
solution, such that the concentration of the supporting
electrolyte is far greater than that of any
'electroactive species,  Mass transpoxt ~of  the -
electroactive species is then almost exclusively
prought about by diffusion and convection.

2.1.3 ' Electzode Radctians

2.1.3.1 Introduction -

Electrode reactions involve electron transfer reactions
occurring at & phase interfage. The electrons are
transferred between a species in the electrolyte and
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the electrode. For purposes of this discﬁssibn;- an
electrode is considered to be a solid surface.

: Eiectron transfer can only ‘take place when the
electroactive species is within molecular distance from
the electrode. In addition, the area of contact between
the electrode and electrolyte is finite. As a
consequence of these two conditions, the rate at which-

" electron transfer can take place may be limited by the
rate of mass transfer of aledtroactive species Lo or
from the électrode._The reaction i then said to be
under mass transport control. - .

Elactrode Elactrode surface région jBulk soliution
: %
Chemiual | mes _
reac{:i.nns : "l:;-annfar ox
. otp‘LO“ ox* u-—-llmlb' Mg ' 'F‘_'-b' ma.u
.. W ) . | '
.‘ mza‘. Daﬁ\ . . :
o i ) .. | .
Elattron _ l _ )
t‘.ranﬁfar { _
4 ) S
o 'Das,, Chemisal |
w reactions > L
. ) . Oz“pw nad’ [ W TSN ReGuawse e ——in— mmn

]

Figure 2.1 Schematlc pathway of a general electrcde
reaction (redrawn from Bard and Faitlkner
1980, p. 21).

An anodic reaction (e.g., Equation 2.4) ig defined as
ah electrode reaction where -electrons are passed from
either surface atoms, surface bound molecules or a
species in the solution-phase {Red) to the electrode.
The opposite is true for a cathodic reaction.



‘Red = Ox + ne” o (2.4)

' Blectrode processes which occur when electrons are

' transferred across the electrode~solution interface are

called faradaic processes. This_temm is used because
the amount of chemical reaction occurring is
proportional to the amount of electricity passed.

- A non~faradaic process is one where there is no charge
transfer across the interface but an external current
‘does flow (even 4if only transienfly); Non-faradaic
procésses include adsorption or desorption of species
and structure changé or charging of the electrical
double layer (Bard and Faulkner 1980, pp. 6-8).

ThéJEﬁpianaﬁions and'discﬁSSioﬂ'ih this éhéptef relate
to faradaic processes unless specified otherwise.

2.1.3.2' Faraday's laws -

From the proportional relationship between amount of
chemical reaction and amount of electricity flowing
(Faraday's first law), it follows that the rate of
chemical change is'proportional to the current flowing,
Electric current is the rate of flow of chérga
 (Bquation 2.5) | |
_ oL T

In Equation 2.5, I is a current, 0 the charge and t is
time. For an oxidation process, e.g.; (2.4), I is the
nurber of moles of Ox foxmed in the reaction, n is the
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numbexr of mol-e_s of e.lectronsl'_required per mole of Ox .
~and F is the Faraday constant.
1*;

-h—-ﬂ-,ana,_g _ : _(2,6).

Thus 'th-a rate of formation, &, in mol s? is given by

(=%a . L

dt = nF
Since #n electrode process is a heterogensous process,
the rate, v, is usually expre-sse’d on a per unit area
‘basis. This can be accomplished by using j, the current
density (current per unit area) in place of It

k-4 ee

A current density is a charge flux and thus the
relationship between J and the flux of electroactive
species J to or from the electrode surface can be seen.

2.1.3.3 The electrochemical interface

' The electrified interface, referred to as the double
layar, 4is a region adjacent to the electrode surface
which adopts a structure as a consequetice of charge
build—-up on the slectrode, and the pregence of charged
_solution species. As a consequence of charge build-up
in the double layer, high electric fields may develop
across the :mterfacmal ‘region (in the order of
10" V em™), The presence of this. electric field at the
interface of electrolyte and electrode is the basis of
electrochemistry (Bockris and Reddy 1970 p. 630).
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The Helmholtz—Perrn.n model of the double layer tredls
“the charged interface as a parallel plate capacitor. _
 The net charge of the electrode surface is considered
as one plate, and a layer of ions in the elesctrolyte,
having aligned themselves at the interface, form the
second plate.' Countexr-ions in solution are aligned at
‘molecular distance from those ions attracted to the
- surface. This charge alignment _forms' the ‘basis of the
term "double layer". It has subsequ.éntly been shown
" that the Helmholtz-~Perrin model is insufficient to
. completely describe the behaviour of the charged
interface. R o - |

Gouy and Chapman, working independently, relaxed the
constraints on the solut:l.on species, developing what i1s
- referred to as the Gouy-Chapman Diffuse-Charge mode: .
The ions are no longer constrained to a flat plate
adjacent to the electrode. A time-averaged distribution
of charge accumulation near the electrode surface is
brought about by the equilibrium attained between
thermal forces in solution disrupting any structure of
ion build-up, and the electrical force causing the
.buildwup. The resulting picture is not of a fixed,
charged 1ayer as in the Helmholtszerrin mod.ellr but of
a diffuse layer, with a nheit charge density falling off
with distance from the interface, Notwithstanding the
 fact that experimental evidence of the Lehaviour of
double layer capacitance cannot be reconciled with this
model, it has served to facilitate  further
understanding of charged interfaces, leading to the
development of the Stern model.

The Stern model of the charged interface allows for a
combination of the effects described by the former twc:
models. Ions are considered as finite-sized particles
rather than point charges. Solvent molecules, e.g¢..



water, adhefé to the electrode 'by__.vfirtue' of dipc’ila’r .
forces, and prevent the ions from reaching the

electrode. Consequently, a layer of "fixed" ions is
arranged at a certain disténce from the éledtrode..Thia
gives rise to a potential .difference, which varies
llnearly w;th dlatance from the electrode..A diffuse
1ayer ci ions is found, ‘beyond ‘the fixed layer. The

_charge density drops off with distance from the .

electrcde as suggested by the Gouy-Chap..an model. This
drop—off constitutes a second potential varmatlon,
which is exponent1a1 (Flgure 2 2} .

A number of practical effects can be expiained by the
- Stern model of the interface. These effects include the
'charging of the ‘dotble layer and the energetics of
adsorption of hydrated ions to the electrode surface.
The presence of the water molecul~  dhering to the
electrode (in an aqueous system}; an  ue double layer,
pose an energy barrier to adsorptinon of othetr species.
(Bockris and Reddy 1970 pp. 718-737) |

The locus of centres of closest approach of hydrated
ions to a hydrated electrode is called the outer
Helwholtz plane (OHP}. When an lon loses'its hydration
sheath on the side closest to the electrode, and
displaces water mplecules from the electrode surface,
the Jlocus og centres of the lons adjacent to the
electrode is what is called the inner Helmholtz plane
(IHP). If the Gibbs function 1is negative, for the
process of the ion divesting itself of part of its
hydration sheath, and displacing water molecules, then

contact adsorption occurs, In general, in aqueous
systems, strongly hydrated ijons do not contact adsorb.-
(Bockris and Reddy 1970 pp. 742“f44}
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“Stucic” ions
Scattered ions

Two regions of
charge saparation

. ’/.—- Linear region

X=.g  x=0

Potential A

Figure 2.2

The electrode—solution interrace:
‘according to the Stern model, A layerxr of
(-} excess charge is stuck to the
positively-charged electrode, with the
remainder randomly distributed. The locus
of centres of the stuck ions is at
distance a from the electrode, Water
molecules have been omitted, but these

- molecules prevent closer spproach of the

~ ions (Bockris and Reddy 1970 pp.
734~735) . .



Legend:

- : m;gf,___'_"_‘
| + wa_t"e'_r__" E ; |
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| . “anion

: Hyd_r_atéd ca:tioﬂ'

Contact adsorbed
/ anion ‘

 Figure 2.3

 Arrangement of ions at an electrode,

showing the Inner Helmholtz Plane (IHP)

"and Outer Helmholtz Blane (OHP). The

exlstence of these planes gives rise to
an electrical triple layer, the first
being the layer of charge of the
electrode surface. Counter-ions have been

- omitted (Bockris and Reddy 1970 p. 750).
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2.1.3.4  Adsorption at eslectrodes

Contact, or specific adsorption, is a term used to
describe adsorption of a species to an electrode when
coulombic ag well as other attractlve forces operate,

g.g., weak electron orbital overlapping. This may be -

seen as one limiting case of adsorption at electrodes.
- Other limiting cases are pure electrostatic adsorptionm,
adsorption of neutral molecules (including dipoles) and
chemisorption. The latter type of adsorptlon involves
the breakage of chemical bonds in the adsorbate and
formation of chemical bonds between adsorbate and
electrdde.' Charge -transfer takes ‘place across the
interface during the chemisorption process. Adsorption
of neutral molecules requires the displacement of-water'
moledulES'from“the'su:face; This process does not take
place easily on a polarised electrode, where dipolar
water is strongly attracted to the surface_(Bard and

Faulkner 1980 p. 515}. '

Adsorption on non-ideal surfaces is compiicatad by the

exposure of the various crystallographlc planes to the

solution, as well as by the ‘presence of surface
defects.

The energetics of adsorption is described by'various
adsorption isotherms. These are described below, with

reference to their limits of applicability.

Consider the. adsorption of a charged species M* to a
metal electrode surface S (Bquation 2.9}.

8 + M = '.SM%J&_.'_[_' i’e* ' _ '.('2'_9)'

K

with-A {the partial charge transfer coefficient) =1
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The Langmuir isotherm (Equation 2.10)  relates the
degree of surface coverage to electrode potential,
ignoring lateral interactions between adsorbate
molecules. This isotherm 4is the simplest isotherm
' describing the adsorptmon of a charged species M= to
surface S. '

O RaexprE/Rﬂl i | {2.10}

where -
9, = '-fraCtidnal-eqﬁilibriﬁm surfaée coverage
= activity of adsorbate in solutlon
= eleccrode potential
= Faraday constant
 adsorption equilib:ium constant
= gas constant

Mo oW R D
g

- tempersture

The Frumkin and Temkin adsorption isotherms treat the
Gibbs funection of.adscrption ag an eprﬁential-functioﬁ
of coverage and lateral interaction parameters of
adsorbed species, thus accounting for the non-ideality
of interacting adsorbate (Calvo 1986 pp. 58-62).

2.1.3.5 Thermodynamics of electrode reactions

In this section, the relatichship between the potential
of -an electrode and the current density is descrlbed
Only a 51ngle redox couple is considered:

O + ne :t R : (2.11)
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0 i$ the oxldised species and R is the reduced specaes.."'
The rate constant of the forward process is k and the
;_rate constant of the - reverse process Ky (the“
" subscripts ¢ and A stand for cathodic and anodic,
- respectlvely)..The assumption is that mass transport is
not limiting in the process., Then, oniy interfacial
dynamics control the rate of the processes. |

It has already_been shown that current density, 7, is a
meesure of'the_rete of_an“eleotrochemical process. The
current density of the forward (cathodic) ptooess;is Je
~and for the reverse (anodic’ process is J;. The
convention adopted in this we¢s' Js  that current
‘densities of anodic processes are positive and current
densitiés.for-eathOdic processes are negetive.'Thus;
when the process (2.11) above is at equilibrium, the
overall current density j is zero: |

F=d. v =0 {2.12)

At equilibrium, the fate. of the fofWard. process l1s
equal to the rate of the reverse process. The exchange
current density is Jo.

gy = “jc'= jﬂ' | ' 2 13)

Since the reactants and products of a process such as
(2.11) are generally charged speoles,':th Gibbs
function of the components can be changed at constant
composition by altering_the electrical potential of the
phases (i.e., the potential difference across the
eiectrodeesolution interface at which the process takes_
- place). The electrochemlcal potential of species i ig
P, , and is defined by Equation 2,14,

By =ps + ziFp O (2.14)
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‘where i, is the chemical potential of species I, z,F is
the charge per mole of i, and ¢ is the potential of the
phase ir. which the species is- s:.tua ted, referred to as
‘the inner ot Ga;vam. potentﬂal. The second term thus

accounts for the Gibbs function chance brm"ght about by B

' alteri‘ng‘ (!J : Furthermoré, -the ' chemical potent.lal ‘of
spec.:l.es i is related to the actlv:f.ty.

=gl .'+ mn‘a;_ L q2am)

where p.i is the standard chem:.cal pot.enta.al of spec:l.es -
o an_d a; 1s its activity. Since A$ (the poten ial
difference between the metal electrode and solution, or
Gai""ran'i' potential' dlfference) cannot be mnmeasured
diregtly, in practlce, potent:l.als are measured relative |
to a reference electrode. Equations. 2.14 and 2,15 are
fundamental in the derivation of the Nernst equation
(2.16), which re..tes E, the equilibrium elestrode
pdtantial to the ratio of activities of species O and R
(a;,.and g respéctively) and 'E:’,' the standard electrdde
potential (i.e,, when a; = a, = 1)1 : |

o pe e 2.3RT e o4
{Southampton Elect'rochemistry Group 1985 pp. 76-80)

In most cases of solution electrochemistry, the
app.r'oximati_on is adop'téd that activity ccefficients in
dilute solutions are unity, so that the Nern ! equation
is written in terms of the concentrations of 2 and R
(a, is re-laced by c, the concentration of.0, and a; is
replaced by ¢, the concentration of R).
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- 2.1.3.6 Kinetics of electrode prct:essés

Equation 2.1l is used as the model reaction in this
section. o

An ele~trode immersed in a sol.tion of electroactive -
‘species can be forced to adopt a potential E different
to the equilibrium electrode potential E, for example,
by application of a potential from an external source.
The difference between E and E, is the overpotential,

i
. N = E-E {2.17)

If an overpotential is positive, the system will tend
‘towards .a new eguilibrium - by . altering  the
cor_lcentratim_ls according to the Nernst equation {¢,
increases and c, decreases). The rate of the reverse
process of (2,11) must increase, such that an anodic
current flows, since the magnitude of j, becomes larger
than that of j,. A negative overpotential has the
opposite effect and a cathodic current flows, with a
résult'ant increase in the concentration of R and a
decrease in the concentration of Q.

It is of interest to know the relationship between 1

and j. ©Early research suggested an exponential
relationship between overpotential ‘and current as
- illustrated by the Tatel equation (1905): - |

m = a + b logll] {2.18}
In the Tafel equation, a and b are constants which may

be determined experimentally. The accepted, practical
relationship between overpotential and current density
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{use of current dan51ty is preterable t> the use of
ciirrent) is somewhat more complex but retains the
exponential form. This relationship (Equation 2.19) is
known as the Butler-Volmer equation (Southampton'
- Electrochemistry Group 1985 p. 81).

:_;j_= Fo {exp(giﬁgﬂ) - exp(““anﬁ)} _ _(2.19).:.

Iin the Butler-Volmer equation, R is the gas constant, T

the temperature and F the Faraday constant. The terms

o, and o, are the transfer coefficients for the anodic

and cathodic half-reactions respectively. Transfer
coefficients are constants, defined, in the-case of a

_multi—step process, such that %y o, = n/v. Here n

is the number. of charges passing in one act of the

overall reaction and v is the st01chlometr1c_number.

This is the number of times the rate determining step

must occur per occurrence of the overall reaction. The

transfer coefficient can be shown to include a term in

B, the symmetry factor, which describes the Gibbs

function for the electron transfer process. Stated

briefly, a Gibbs function maximum exists for the
process, related to the activation enmergy for the
electron transfer. B describes the_ symmetry of the
Gibbs function about the energy barrier, A detailed
description of o and B is given in thé text by Bwockris
and Kabn (1993 pp. 272-277). Values of a are usually
between 0,3 and 0.7_and are frequently close to 0.5
- {Pletcher 1991, pp. 7-12, Bard and Faulkner 1980, pp.
91-97). ' ' ' '

The ButlerﬂVblmer equation'is only applicabie:when |
(&) electron transfer is the rate determining step in
the electrode reaction and
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(b) when no res:.qt:we film fcrms on- the electrode
-dur:l.ng the process. '

In .praétical 'e_léc’frochémistry,' appro-ximé.ticns .t'o. the
Butler-Volmer equation are . often made (Southamptoh_
Electrochemistry Group 1985 p. 83). These are the high
field and low field a.pproximafi.ons. ‘When 11 is ._:lafge and '.
pds'itive {i.e. N » .RT/'oLanF) then th-e second exponential'
term in the Butler-Yolmer equatlon hecomes negllglble.

Equation (2.19) can then be reduceci to the form

aanb'n

~RT .(2.20)

" Inj = 1lnjo +
f'-or__' _poéitive overpotentials. This is the high-field
approximation for. anodic potent’ials, exhibiting an

" exponential relatlonship between j and 7.

similarly, for negativé overpotentials i.e. when m «
- ~RT/onF the cathodic high—-field approx;mation of the
equation is

1n(—3) 1n3., - Gebfm - (2.21)

“RT
The value of j is negative and a cathodic current is
observed. ' ' '

~The two equations above take the form of the Tafel
equation. Tafel plots are.semi—logarithmic {iL.e., 1n{j)}
vs. 1) graphic representations of the current-potential
relationship. Values for' the transfer coefficlent can
be calculated from the slope of a Tafel plot and a
value for jo can be found by an extrapolatlon of the

line to the point where ) = 0 v.
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The linear or low f:Leld approx:.mation 3,5 made when the
overpotential is small (|n| < 10 mv at 25°C). Them,
._using the approximation that ex_p(_x) = 1 + X f_oz_: small’

¥, and dm'+ at'# 1, the Bukler—Volmer equation reduces

Here the current density is  proportional to
- overpotential (Pletcher 1991, pp.  13-15, Bard and
' Faulkner 1989, pp. 91- 105) The linear and ":ponential_

forms of the Butler-»Volmer equation are L.epicted in
'E‘igure 2.4,

. 3

ity (J )

\ Current density { J

—-

 Exponential region

-
Jm J-ew(-ﬁﬁ:) X
Ll ¥

Oﬁerpotentral ('ﬂ )

~ Linear region

nf
Jﬂ'ﬂ-ﬁﬂ

- Figure 2.4 Graphi~cal representation of the
s o Butler-Volmer equation, showing the
linear r=gion and the exponential region,
which are used in the low and high field
approximations, respectively. The :

- relationship shown here is symmetrical,
which is true for the case a = 0.5.

Redrawn from Bockris and Reddy (1970 p.
8886) , _



2.1.4 = Mechanisms of Electrode Processes

For. an electrodé process occurring via more than one
step, it is most likely that one will be inherently
slower than the others. This is the rate determining
step (r.d.s.). The indiv;dual steps are collectively
called the mechanlsm of the process.

The syrbol conventions:of Bard and Faulkner (1980, pp.

429-430). are used in this work. Thus & represents an

electron transfer step and C a homogeneous chemical

' reaction. Electrode processes which involve only one

 step, that is an electron transfer, have a mechanism
known simply - as electrochemical - (B). A
~ chemical-glectrochemical (CE) mechanism is one where ‘a
chemical réaction'.occurs on or near the electrode
before the electron transfer step. The steps may be in
the reverse order, if the chemical step follows
electron transfer. In this case; the mechanism is EC,

-following the pattern above. The sequence of steps can

~ be built up further, as the complexity of the. electrode '
process increases. .

In most electrode reactions, a number of physical
processes need to he considered regarding the overall
rate of the reacticn. These may be one or more of phase
formation (e.g., gas bubbles or solid film), chemical
reaatiqns preceding or following the electron transfer, 
and adsorption or deéorption of species at the
electrode surface. When a particular electrode reaction
involves the transfer of more than one electronm, there
are usually chemical reactions or rearrangements
separating the  individual electron transfer steps
(Pletcher 1991, p. 3). | o
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2.2 MIXED POTENTIAL SYSTEMS

2.2.1 gatrodtstion .

The thermodynam:.c: equilibrium electrode pntentzal has

T

been  defined as - tha potnntial observed when the nef
current density across the interface is zero (Section :

2,1.3.5). This is true when there is only one elactrode

process ‘taking place at the electrode, and the

el_egtr’onatien and de-electronation reactions are ta__king_
‘place. at the same rate. The net current density across

an interface may also be zero under a different set of

conditions, viz.; when two separate electronation and.

_ de-elect::onation reacticms are occ:urr:.ng at exactly the
same rate. ' o

The two (or tore) ‘reactions wh:Lch are simultaneously
occurring are known as partial processes. The potential
observed at the electrode is not the equilibrlum |

. glectrode . potent:.al, but a steady state, compromised
potential, fixed by the kinetic's of the twe partlal
processes. Figure 2.5 represents this situation by

showing the mixed potential as being the ordinate value

of E corresponding to the point at which the anodic

partial process current density is egual to that of the .

cathodic partial process.
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A

ne

(1) R > O + ne~

! jnet

(2) R' - O + n'e”

O+ ne- -+ R ’i '

-Figure 2.5 = Schematic representation of the mixed
' . potential system. Two redox processes (1}
and (2); with formal equilibrlum
electrode potentials E and E
re5pect1Vely, ocaur. The miyed potentlal

is E,, and the measured current density
is shown by the broken line. Redrawn from
Calvo (1986) p. 70.

The current denslty curves of the partlal processes are
affected by mass transport conditions and surface area.
Conseguently, the mixed potential may be susceptible to
these kinetic factors, and the wvalue of the mixed
potential is governéd by the kinetics of the fastest
partial process (Calve 1986 pp. 68-71, Bockris and
Reddy 1970, p. 1104). This is in contrast to the.
equilibrium electrode potential of each partial
reaction, which is governed only by thermodynamlcs

Wagner and Traud (1938) studied corrosion of zinc
amalgams and attributed the corrosion potential to a
compromised, or mixed potential, of two separate
processes: one reduction and one oxidation, both
occurring at the same rate. By measurihg the rates of
the two processes, current dehsity curves attributable -
to each of these processes were constructéd and plotted
on one graph. ¥agner and Traud were instrumental in the



_ deVElOPment of understandlng of such SD*called “mlxed
'potentlal systems" : S

It is important to note that the_wagner_and_Traud'miXéd
_potenﬁialg was defined for independent processes. _Thé_
- current density curves of Wagner and Traud were found

to be identical when derived from a situation where-thé__
pracesses were taking place simultaneously' and when

they were made to occur in isolatien. The tenm mixed

‘potential has frequently been used in. electrolesé
plating. The validity of this termihology in the field
of electroless plating will be debated 1n the results
and dlscussion chapters of thls work, 51nca .
‘31multaneously accurring anodiec and cathodic pIDCESSBS
may_lnteract. In this work, the term "mixed potentlal_
theory" refers to the classical theory of Wagner and
Traud._ ’ : : . : e .

The mixed potential theory has been significantly
developed by Spiro {Bockris and Kahn 1993 p. 754).
‘particular, Creeth and 'Spiro' (1991) _presented a
reformulation ~ of the Wagner and Traud ‘additivity
prlnC1ple (the latter workers did not in fact suggest
that the prlnc1ple was valid for all nuxed_potentlal
_systgms)} Creeth and Spiro restated the additivity
principle thus: "The currentépoﬁentiél curﬁe of a
mixture of couples can be obtained by adding,
algebraically, at each potential,'the currents given by
each of the couples present, provided these have been

determined in ‘circumstances Whlch correspond to those_

lln the mixture."

In the field of co;rosion-study,'mvans diagrams are
frequently used for data presentation. TheSe3diagrams
are semi-logarithmic plots of electrode potential vs.
the logarithm of the absolute_value of current density.
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~ Two separate processes, ~one - anadic and the other_'
'Cathmdlc,_can be represented on an Evans diagram. The

point of intersection of the two lines then represents_'

the corr051on, or mixed potentlal._- '

2.2.2 ~ Coupled reactions

 The ‘mechanism of an electrode process has been
described in Section 2.1.4 as consisting, in many
‘cases, of a number of sequential steps. These steps.afe
_chemicallv coupled because the product of one step is
the reactant of thelnext

Thé'partial'p:ocesses-in a mixed potential SYStem-a:e
electrically coupled, i.e., the electrons liberated by
the anodic partial process are consumed by the cathodic
- partial _proceSS and, as such, the pfdcessés :mHSt
" proceed at equivalent rates. It is also possible for
the processes to be chemically coupled, e.g., as a
Onsequence of pH effects Although this is possible it
is  not - ublqultous in. nuxed potential systems (Sm&rl
1961 pp. 104-105) .

Another class of doupling may be identified: when the
reaction product, an intermediate, or starting material
of one partial process is a catalyst for another
partial process. The rates of both partial processes
may then be affedted, along with the value of the mixed
potential (Feldman and Melroy 1989, op. cit.}.

2.3  ELECTROCATALYSIS

An electrocatalyst is an electrode material which
enhances the rate of an electrode process at
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overpotentials close to the equilibrium potential.
Whereas many si;ﬁble'_ electron transfer reactions have
‘large rate constants on a wide range of electrode
materials, multi-step processes often require large
oﬁrpotentia_ls to achieve a -'practical ‘current density
{Pletcher 1991, p. 120). Electrocatalysts provide an
alt'efnjatiir_e -pé{:hway ~ from reactants ~to products,
involving stéps with lower activation energies than the .
~ uncatalysed route. | . ' E '

[The definition of catalysis &s a physical - chemistry phanomendn'
‘has long been debated- because _i:he nature of the interaction
between the catalyst and reagents remains mootb. Berzelius, who 4in
1435 coined the term catalysis, perceived these materials as '
' _'causing ‘a reaction between two compounds which wonld not take
place in the absence of the catalyst. Later, W. Ostwald described
the effect of the catalyst as releasing the reaction, since he
_appréniat'éd that the reaction would seour but for an energy'
barrier retarding the process, Hence  the philosephy of
release-gansality -is more  appropriate for the déadription of
catalyéié than causal-causality [Christoffel 1989). Christoffel
sug'gests that the Chinese term. “tsoo mei", meaning marriage
broker, may be better than the term "catalysiz", originating fxom
the Greek oo /Aboswv (kata=down/lysein=aplit).] ' '

The cathodic high field approximation of the
Butler-Volmer equation {2.21) can be rewritten in a.
form which reveals that the rate of an electrode
reaction {(e.g., an electronation reaction} depends on
both the Galvani . potential difference across the
interface (Ad) and on a term in the rate constant of
the process - a 'purely' chemical aspect (Bockris and .
 Reddy 1970 p. 1142): .

j';=nFcokcexp('_a"g’;%”)exp( a"F(Aq’ A¢P“”)) (2.23)

% =  transfer coeffici-nt for the cathodic process
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Ap = potentmal dlfference across the LnterfaCe

A:b;,,c—“i- ‘potential d:.fferenc:e across the interface at
p_otenta.a.:l. of zero charge

Co = concentration of ‘oxidised _species

k= _rate'édnstant of cathodic process
F=__  Faraday constant
i= 'curfent density o

 n=  number of electrons transferred'

R= gas constant
T= temperature

Clearly, by élterir‘ig the potehtial of an electrode

wh:.ch is acting as an electroc:atalyst, ‘the rate of the o

electrode process can be 51gnif3.cantly affected. This

is not the case with a purely chem:.c:ally catalysed o
react:.on ' ' | :

'The basis for co'fnpariés‘oh of differeﬁt éleci:rocatalysts
for a given reaction lies in the comparison of the
current density for the reaction at each. surface.
Consider two .électrocatalysts 1 and 2, D.n-which the
current densities for a given electronation react_ion
are j, and j, respectively. The better electrocatalyst -
will allow the reaction to proceed with the higher
current’_.dehsity; The overpotential iz n = A} ~ A,
thus _ o L

: I = (jo)le.'XP [(—ote)L F(AG — A¢e)/Rﬂ | ] {2 .24)
and
: J2 = (jo)zexp[(f(xc)z F(:M) - Ad);)/Ri’] - {2.25)

If the electrocatalytic reaction has the same mechanism
on both surfaces, it can reasonably be assumed that



oy = o, which renders the two exponential terms
equal. Thus o ST
. .lim_(J_")l S (2.26)
o J2 (Jo S

. Comparison of the = current  densities on  two
electrocatalysts at a given 're_,‘!,ative electrode
potential is effectively a compariéon of the exchange
current densities on the two substrates.

‘It can be shown . that the enthalpy of activation of an
electrocatalysed electrode reaction is independent of
-thé electronic properties of the subStréte if the .
process 1nvol'Ves only electron transfer between the_
substrate and ions in uolut:u.on. This is not so,
however, for an ..electrocatalysed reaction- involving
adsorbed sp-ecieS' "In such casés, the nature of the
" substrate is an ::.mportant factor determining the rate
-of the electrode process (Bockra.s and Reddy 1970 PP.
1143-1153) . |

Many elebtrode proc;'es'_ses, such as the hydroge.na -ion of

unsaturated organic compounds, are thus affected by the

choice of electrode. Because electrocatalysis often
involves adsorption or complex formation of reactants
or intermedia_te_s on the electrode, the material used
must have a suitable electronic structure = {wiz.,
d-level vacancies, either in the pure metal, or induced
~as a result of alloying or cluster formation). It is
for this veason that transition metals and oxides df
' transition metals function as electrocatalysts. Bockris
and Kahn (1993 pp. 297-300) have cited examples of
important electrocatalytic reactions which involve
spill-over in alloy catalysts and catalysis by glassy
metals (spill-over is the activation of a species at
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one site, followed by mlgratlon and further reactlon of
the specles at another site)

Gécmetric-dilution; where.acﬁive sites are épétially
separated from one another, surface morphology and
exposed crystal faces are all factors contributing to
the characteristics of electrocatalytic reactions. In
straightforwarda mass transport - controlled electrode_ 
.processes_,' the rate of the proce.:s is :Lndependent of
the surface roughness, prov’ied that the ru9051tg lS
small when compared to the dl fusion 1ay"r thlckneSS
(Southampton ELectrochem;stry Gooup 1985 p. 27L).

 Impuritie5 inlthe-electrolyté, Which can adsbrbzon'the'
electrede, may'forCe the reactaﬁts:or intermediates to
_compete for *cataiytic- sites, -thereby 'reducing ‘the
efficiency of the electrocatalyst. "Such compounds are
aptly called palsons.' '

- In electroless plating, only”certain metals and alloys
initiate the autocatalytic process. Trace amounts of
non-electroactive species can change plating rates.

Thus electrocatalysis is an important COncept in the
study of electrbless plating. Numerous electra?.
analytical techniques -~ are used to study
electrocatalys;s. One of the recommended approaches is
the measurement of steady state currents {or current
densities) as a function of potential in a regime where
mass transport is not limiting. Tafel slopes are then
compared to those calculated for feasible mechanisms
{Southamptcn Eiectrochemistry Group 1985 p. 232).



The simplest example of an electrocatalytic reaction is
~hydrogen evolution., In aecid solution, the overall
reaction is | | |

28 + o267 > B, o (2.27)

Two mechanisms ‘can ‘be déscribed for this process
_"(Pletcher 1991, pp- 112—119)} bothfinvolving'adsorption

- of protons on an electrode surface. It has been found
experimentally that exchange current densities fbr'
hydrogen evolution differ on different metals, with a
range of ten orders of magnitude. Some representative
values are shown in Table 2.1.

- Table 2.1  Ezchange current demsities for H,
- _ evolution. Data obtained in 1 mol 1.‘*1 nzso,,
solution (Pletcher 1991, p.
© 119} (temperature not specified).

Metal | " log(JnAA om)

Pbh | o ~ -B.§&
Ag i I ~2.4
B 0. 7

Clearly, the nature of the surface can be an important
factor governing the rate of an electrode process..

Electrocatalysis is of prime importance in the area of
fuel cell development. Conversion of ' chemicals to
electrical energy, by means of "cold combustion" of CO
and 'hydrogen, for example, can be achieved by
electrocatalytic oxidation at one electrode of a cell,
‘while reduction of oxygen takes place at .the cathode
~ (Bockris and Reddy 1970 p. 1394, Bockris and Kahn 1993
" pp. 861-894). - ' | -
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"Erevailing environmental fegulations in | iuqst first
world countries regarding emissions from automobile
exhausts have created impetus for the development of
cleaner power sources. Fuel cells require considerable
- development for widespread use, and a better
_ understanding of electrocatalysis will assist in the
maturation of the technology. |

2.4 AUTOCATALYSIS

Autocatalysis is the catalysis of a reaction by one of
the pr’odudts ~of that reaction. This is to séy that
initially the reaction ocours elther as a slow step
. after an induction period, or by being catalysed by
_some "thifd—'party." material. In the latter éase, the
"'ini't:'._él ‘catalyst may _be'c:ome_ insignificant as the
reaction products are formed. An example  of
autocatalysis in organic chemistry is the halogenation
of aldehydes (Streltwieser and Heathcock 1981, p. 376).

Two situations may arise during the formation of an
electroless Film which i]_.lustraté that the redox
proces.s and metal deposition is autocatalytic. The -
first is when only isclated areas of the surfene are
catalytically active to electroless deposition, and the
‘major part of the surface is inactive. This is typical
of a treated surface where catalyst nuclei are formed.
The catalytic "islands" may initiate the electroless
reaction but in. oiler for the localised islands of
deposited material to grow together to form a coherent
film, the edges of the imitially-reduced metal must
further catalyse the 'proceSS (Feldstein et al., 1974).

The second situation illustrating the autocatalytic
nature of electroless deposition resides in the fact
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that films grow in thickness to significantly more than
one -monclayer. For this to happen, the first and
subsequent monolayers need to be catalytically active.

2.5 . ELECTROANALYTICAL TECHNIQUES
2.5.1 :Vbltamﬁetryf

2.5.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) was employed only qualitatively -
" in this work. In cyelic vbltammtery'é.cyclic, linear
potential = sweep is applied to_.an electrode in an
unstirred solution. The curreﬁt response is measured
and current peaks are obtalned as each electroaCLive
species 1s oxidised or reduced as the case may be. In
-~ the gualitative application of cyclic voltammetry it is
' not possible to calculate the kinetic parameters of the
electrode processes; but it is possiblé to obtain an |
"electrochemical spectrum” for the species present in
the solution. A typical cyeclic voltammogram for the
reversible couple 0 + e € R where O is the oxidised
specles and R the reduced species is given in Ekiqure
2.6, '

€V can be used to study reversible, irreversible and
‘guari-reversible electrode'proce$ses. By altering the
sweep rate of the potential it is possible to identify
fast and slow electron transfer steps and to identify
“the formation of reaction intermediates., A properly
designed experiment using the CV technique is
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'iﬁdispensablé in the elucidation of electrode process
mechanisms. The formal electrode potential of a
reversible couple can be determined using CV, being
centred bétween'the peak cathodic potential and the
peak anodic ~potential.(Southampton Electrochemistry
Group 1985 pp. 178~ 185, Klssinger and Helneman 1984 pPP.
- B6-94)., : :

. 50._
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Figure 2.6 Cyclic voltammogram of 10. U’inmol L _
- KyjFe{CN), in 1 mol L™ KC1 (25.2°C). Scan
inltiated at 0.80 V vs., SCE in a negatlve
direction at 100 mV s'., Platinum '
electrode 0. 0314 cm?, E,. = peak cathodic
potential, E, = peak anodlc POtentlal Toe
= peak cathodic current, = peak anodic
~ current. .



2.5/1.2 Anodic Stripping-Vbltammetry'

Anodic stripping voltammetry (ASV) is the generic name
for a range of techniques which have been developed for
the determination of trace metals in solution. A
description of the quantitative method follows.

Bn electroactive species in solution may be deposited
on to an electrode surface by means of the application
"of a potential: mor: cathodic tham the reduction.
 potential of that species. Electrodes commonly used for

ASV are the mercury film electrode (MFE) on carbon

paste or glassy carbon, the hanging drop mercury
-electrodef'(HMDEi and ‘thea dropping ‘mercury_ electrade

(DME) . The deposition of the species on to the

‘electrode is known as the preconcentration step, and is

carried out in a :eproducible mannsr (i.e., constant

stirring rate, temperature and deposition time, as well
as ddentical electrode surface, for  each set 'of

experiments). Following the preconcentration step, a

rest period-'is-_ailowed for the solution to become

quiescent and Eor the preconcentrated species to

diffuse uniformly within the mercury of the electrode.

This step is performed in either the original solution

or in an appropriate stripping solution. An
anodic-going 1iﬁear potential sweep applied to the
electrode in the original solution or in a separate
_stripping solution will result in the oxidation of the
~ deposited species. The current density of this
 oxidation process 31§ measured, and the peak height
" related to the concentration of the electroactive
_species in the original solution. The potential at
which the peak occurs is characteristic of the identity
of the analyte. | o
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A more sensitive variation of the ASV technique-is-when
a-periodic square wave pulse is'appiied to the anodic
- potential swWeep. This serves to minimise the residual
current effects ‘arising from double layer charging. The
pulse also increases the effect of sweep rate on the
peak current, The detection limits are usually 1mproved:
when sguare wave technlquea are employed.

(Bllis 1973, ‘Bard and,Faulkner 1980 PP, 413—420)

2.5.2  Rota%ting Dis¢é Eleetrode

'_ The rotating disq_'g_aétrode (RDE) is an important
device'in-elebtroanaiytical chepistry. A fast rotating
disc electrode causes a well defined - hydrodynamic
condition near its surface. The rotation moves the

" solution near the electrode surface in an outward
" radial direction. The resulting fluid flow is shown in
Figure 2.7. The velocity of the solution movement I'A
perpendlcular to and in the direction of the disc is a

=functlon af the rotatlon rate o and the dlstance from-
the electrode.'

Vew ol (2,28)

The influence of forced _gonVection on the mass
transport_is thus diminished at small distances from
the electrode surface. |

Rotating disc electrodes are used for the study'bf the
kinetics of electrode processes. For example, the rate
constant for the "C" step of an ECE mechanism can be
determined by measuring the limiting current as - a
function of rotation rate. The limiting current of the
electrode process is given by the Levich equation
(Equetion 2.29). A voltammogram for th_reduction of



K,Fe (CN), at a rotatmg disc electrode ...é." 'g'iv'én Cin
Figure 2.8. R I

i3 = 0.620 n F A c° DM yie gz {2.29)

o= angular velocity if the disc, i.e., o=2zN, N.
_is the rotatmn speed :Ln revolut:.ons per
= second : _

v= kinematic vascoslty of the fluid, r:m2 E

= limiting current, A

. A= geometric surface area of disc,' em? :
- €®= solution concentratmn of the electroactive

“ . species, mol cm :
D= diffusion coefficient of the electroact:.ve
 species, en’ s - -
- F= TFaraday's constant

n= '-number of electrons transferred

=1

it is c:j._éar that the '- cu_::rent dénsities _expectéd a't_' a
‘RDE for a mass transfer controlled process are higher
than those measured in non-convective systems.

-
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: CROSSSECHONTHRQUGH '
ROTATING DISC ELECTRODE ASSEMBLY

ELECTRODE

DISCSURFACE

 SOLUTIONFLOW
- o PATTERN. SIDE VIEW
SOLUTION FLOW OK DISC SURFACE |

Figure 2.7 Hydrodynamiés at a rotating disc
: electrode (redrawn from Southampton -
Electrochemlstry Group 1985 P 116) .
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Figure 2.8  Voltammogram of 10.0 mmol L™ K,Fe(CN), in
1 mol L™ KCl (25.2°C), at a platinum RDE.

- 8can initiated at 0.80 V vs. SCE in a =
negative direction at 50 nv g, Platinum
electrode area 0.0314 com?.

2,6  TECHNIQUES FOR STUDYING ELECTROLESS
- PLATING - : '

Studies of the electroless plating process have
employed a variety of techniques and approaches {a
detailed literature survey is presented in Chapter 4).
Plating ~rates have - usually been  determined.
gr'avimetsrically,' by measuring the mass chaﬁge of a
sample substrate of known surface area. It is possible
to determine the rate of the anodic process provided
- that the rate of formation of a non-solid product can
be followed by an appropriate technique (e.g.,
spectroscopy) . ' - '
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Over the last twp decades, ele_ctr-bt:hemiéal ' t-ec:hni.ques'
_héve' come to the fore in electroless plating res'eafch
(e.g., voltammetry, potentiometry and amperemetry). A
metal surface plat:Lng in an electrolesa bath adopts a
steady state potentlal with respect to the solution.
This potential is a mixed potential, and the cathodic
‘and  anodic = processes occur at thi same rate.
'-.‘Dbser_vatiori_ of the mixed potential under suitably -
vafied:'éoﬁditions' has been a modus operandi adopted By
researchers in the field (Feldstein and Lancsek 1971,

Paunovn.c 1968),

: When th.e pntentlal o:E the plat‘ing surface departs from o
 the s.teady _state value, under the influence of an
axt_e'rnal'l_y' -applied 'poténtial, ‘plating is no longer
_truly'el'ectrcless.} However, the cathodic and anodic
processes still occcur, but at unequal rates {Feldman
‘and Melroy 1989, Orchard 1988b, Paunovic 1968).
Hydrogen evolution is usually a cathodic co-process. If
this reaction occurs at a significant rate, it may
af""‘ect the calculatlon of the anodlc process current-
density descrmbed below. '

The partial current densities of the two half-reactions
- can be derived from _ ' o

{a) the net current dens:r.tyr jeer 25 calculated Ffrom
.the current measured in the external circuit, h
“and o |

{b) the plating rate cohverted to a current density
 using Equation 2.8. These give the anodic: and cathodic:'_
partial current densit:.es, Ja and 7. respectwely. The
relatlonsha.p is ' ' -

Cdew = da * | {2.30)



{Note that lower case . subscripts are _used. here tQ'. |
differentiate these current densities from those in
- Bquations 2.12 and 2,13. Equation 2.30 represents
current densities of.two differéht partial prOGESSéS;) 
Tafel-type plots can be made using this data and the
:relévaﬂtzeleCtrdchemical'parameters may be extracted.

- BAnother teéhnique  used  in the study of electroless
- plating has involved the use of an electrochemical cell
design which keeps solutions of the metal_'ion and:'
reduciﬁg-agent separatp by means of a membrane or frit.
- While mixing of the. solutiOn”speciés is avoided; ionic
transport by a supportlng electrolyte is allowed

- (E1~Raghy and Abo-Salama 1979) . Thig type of experiment
performed to determlne the dependence of one -

"half reactlon on the other‘ Wiése-and-Weil-(lSB?} used
an elaborate arrangement of electrical separatidn of
'thé partial. préceSSes The results and conclusions of
. the various works cited here will be dlscussed in more
detall in Chapter 4

 The rotatlng disc electrode has been used {Orchard -
1988a and 1988b) to measure platlng rates under
controlled hydrpdynamic'conditions. -

Mechanistic information'was'obtained by electrochemiéal
. mass spectrcmetry'{Jusys and Vaékelis.1992, qp.'cit.).

In this series of studies, gaseous products from

isotopically labelled electroless baths were analysed
by mass spectrometry To accompllsh this,; a thin Teflon
membrane was used to support the electrode. Gases were
‘sucked through the membrane, into the mass
spectrometer. | '

Most classxcal technlques, however, ‘have. the llmitatlon_
that they interfere wath the very prccess which they



are investigating. The long plating times required to
‘obtain a measurable mass change ﬁay "1ead'_*td 
- significantly altered_réagent concentrations. This is
exacerbated when the bath being studied operates at a

temperature where a volatile component evaporates. Thus
‘the developuent of an 'eXperiméntal strategy which
examines the process rapidly, aﬁd with less of a
disturbiryg Effect;"could “yield useful and as yet .

undiscbvered”inforﬁaﬁion;

A relatively new device, the elect:ocﬁemidal_ quarté
crystal microbalanca, or quaréz_micrgbalance electrode,
 has '.attributes' which are of great use in  the
‘mechanistic studies ' of electroless plating, A
description of the 'quartz  microbalance _electrode
follows in Chapter 3. = | L
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CHAPTER 3 ~ THE QUARTZ MICROBALANCE -
THECHNICAL DESCRIPTION

a1 -Quanmh CRYSTALS'

Alpha-quartz is the crystalllne form of silica (Siog o

 which is stable at temperatures below 573°C. The
non—centrosymmetrxc crystal structure of alpha-quartz
gives rise to a number of physical properties, one of
which, the pilezoelectric effect, is discussed in the
' Following section., - -

Crystalline quartz, specifically alpha-quartz, occurs
naturally as a geochemical phehomencn._ﬁn industrial
'process also exists whereby scardely-flawed crystals
‘may be grown on to seed crystals from an .alkaline,
| agueous solution. This is the hydrothermal route of
martz crystal production. Crystals obtained from the
latter process were exclusively used for the purposes
of this project. |

*.  Bibllographic note 1  Technical  information  and
descriptions in this aection were obtained by consulting
pertinent texts (Bottom 1952, Frerking 1978}. Othex sources are
acknowledged a8 they are cited.
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3.2 ~ THE PIEZOELECTRIC EFFECT

3,21  Explanation of the piezocelectric effect

"The.term'“piezoelectficityﬁ is derived from the Greek

word, piezo, meaning "press", Thence "pressure

electricity”, Because of the polar anisotropy in the

unit cell of the crystal, a pressure on a section of

crystal (or piezoid) results in a shift in charge
distribution. This can be detected as a”change in  the
electrlc field between the faces of the crystal
section and is refexrred to as the direct
piezoelectric effect (Figure 3.1). o

- FORCE

| FORCET

Figure 3.1  The direct plezoelectric effect.

- The converse piezoelectric effect is the phenomenon
whereby a phys:Lcal displacement of atoms in the
piezoid occurs as a result of an :,mposed electra.c
field (Flgure 3.2).

<



. B3

] osciLLaToR

| DISPLAGEMENT

PO T L T T T

------------------------

 DISPLACEMENT

Figure 3.2 The converse piézoeledtric-effect.

It is this phenomenon whlch is utilised in frequency
control appllcatlons ~ and  the quartz  crystal
microbalance (QGM) *

‘The fabrmuat;on process produces plezoids which are
wafers of crystal usually less than one milllmetre
- thick. These are cut at specific orientations to the
2, or optical, axis of symmetry of the 51ngle crystal
(Figure 3. 3).

Figure 3,3 The orlentation of AT and BT cut
crystal wafers. R, m and r represent
the specific faces of the crystal.



,'The two possible cuts showh in Figure 3,3 are -
'referred to as AT (35 25“ to z axis) ‘and BT (—49 00°
‘to 2z axis) cuts. Both cuts form plates which are |
_ parallel'j"to 'th_'é % axis. Since piezeid is a- solid
“body, the  vibrations which ‘caused by an
oscillating elactrlc fIEId can occur in identlflable
directions and at resonance fregquencies dependent on'

_ 'the_mass,.th1ckness_and shape of the piezold.and the

orientation of the field relative to the optical
*axiﬁ;'.i.e. the cut. .These vibration directions,
called modes, include  bend, torsion and shear
 displacements. | |

Piezoids wused in frequency control ~and quartz
microbalances are usually disc shaped. In order to
__apply the required electric field to tne crystal, it
' is necessary to apply conductive layers to . opposite
faces of the disc whereby laads to a sultable field-

. generator (oscillator) can be attached, This is

. commonly done by evaporating metals such as silver or.
gold on to the faces. . to form electrodes. Most of the
_vibration occurs where the electrodes overlap - this
‘is the pieZGelectrically active area (Figure 3.4}). As
mentioned above, the resonance  frequencies {or
harmonics  thereof) are governed by physical
characteristicsy ineluding mass. Thus an increase in
méss will change the resonance frequency'only if this
mass change occurs within the piezoelectrically
active area. | | o



~ PROFILES OF GRYSTALS
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Piezoelectrically active area is _ Plano-convex
malnly within region of ovar!ap .
- of the electrades

Figure 3.4  Perspective view of a quartz crystal
. piezoid, showing overlapping region of
electrodes with unequal radius, and
profiles of planar and plano-convex
- crystal wafers, ;

3.2.2 ' Shapes of crg‘sjtals'

;_Planar,  dise shaped- crystals 'exhibit greatest

pieioela-i‘_tri\*: activity of elsctrode overlap.. The

vibrations are not, however, wholly limited to the

overlapping region but do extend radially outwards.
This effect is offten deleterious to the operation in
a quartz microbalance, and can be minimi'Sed in two
ways (Ward and Delawski 1991). The first is by
judicious choice of the relative electrode sizes and
' their size relative to the dimensions of the crystal.
An optimum ratio of the diameters of electrode area
 and crystal exists. This reduces the effect of shear
waves extending radially and being reflected back by
the edge of the crystal. -

L
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' The second method of minimisation involves the use of
a contoured, plano—canvex pn.ezm.d As a result of the

central region being thickest, so-called anergy -

trapping occurs, maximising the ampl:.tucie of the
vibration in the centre and minimising it outs:.de the
electrode overlap area. These contoured d:Lsc:s_ exhibit
better frequency stability than planar crystals, are
better suited for use in the. QCM.

Bacskal, Léng and Inzelt (1991) per'-formed a similar
':_'napping of the radial sensitivity of 'the_ quart’z"
microbalance te that undertaken by Ward and Delawski.
Bacskal . and co-workers addressed the problem of
uneven - thickness of polymer. films on the QME, and
concluded that for uneven films, the differential
sensitivity function of the resonator must be known
- for mean:l.ngful results. '

3.3 THE QUARTZ CRYSTAL AS AN OSCILLATOR

ELEMENT
3.3.1  Quartz crystals as rasonators

When a xylophone bar is struck by a hammer, the bar
will vibrate at a frequency determined by the

- dimensions of the bar and the points of support. A

quartz piezoid is excited into vibration, not by
being struck, but by an externally applied,
oscillaiting electric field. By virtue of its solid
characteristics, rssonance may be attained.
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_fIn”ordef té_sﬁétain this vibration, thefapplied,field.h

must change in a periodic manner. When conditions -
" have been carefully designed to meet the numerous
electrical parameters of - importance, a resonance

. frequency can be established where the crystal
' controls the rate of voltage change in the external,
'driving-ﬁikeuiti this circuit is an oscillator. It is
this '-princ::iple_ “which  1is | exploited  in
‘telecommunications,  radio,  microprocessor clock
‘circuits and in fact, any context where isochronous
electronic timing is desired, Well-built crystal
units .i'nc:nrfqbrated - into carefully desig_ned'
oscillators may give frequency stability _.éf a"'fe_aw )
parts inllo_*"_- (Frerking 1978, p. v) ' '

S3w3i2 Oadillatprs -

In the_pr'e-sant context, oscillators are aiectronic _
Ccircuits _which convert a _' direct current (d'_.c.) _
voltage into an alternating current (a.c.} voltage.
‘Basically, an oscillator consists of a supply
voltage, an amplifier and a feedback loop '(Figua':e
3.5). _ o .
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Figure 3.5 The elements of an oscillator. A =
. - amplifier, B = feedback network, V{in)
"= gupply voltage, + = mixer and 8 =
 signal. o o -

When Barkhausen's criterion (Bo?;estad and Nashelsky
1987, p. 758) is satisfied, the amplifier/feedback
combination acts as an oscillator. The criterion.
_requires'that'the overall gain of the system must be
infinitely large, and that the feedback signal is in

phase with; and adds to, incoming signais_(Glasspoole 3
© 1987). The crystal represents, to the circuit, a
resistance~inductancéﬁeapacitance' (RLC) '.-network.
- (Figure 3,6}: | ' |

At R1 _ L1-' ._01 B

Figure 3.6 The equivalent circuit of a quartz
crystal resonator. Ri, Ll and Cl
comprise the reactance of the crystal
and CR is the mounting capacitance.
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On the basis of oscillafdr-thedry, and taking intd;-""

account the behaviour of ctystals as RLC components,
numerous oscillator _circui'ts' have .been_ deVeioped._
Some of these are given in Figures 3.7 to 3.1l.
(These diagrams are for illustration and do not
~contain sufficient info;maticn for construction.)

_The oscillator circuits illustrated have certain
fundamental differences, depanding- on where in the
circuit the crystal resonator (Y1) is situated and
what relationship exists between the values of
. qu'stal reactance, mounting capacitance and circuit
components.  These  considerations  will not = be
-di&cussed'furthe:. | | o

Clrcumstances dlctate the choice of osczllator fOr a

particular application. Most communication and

mcroprocesaor devices require. h:Lgb. stability. The
amplitude of actual ._physical  vibration is @not
generally a consideration, but circuitry must provide
constant frequencies over long periods of time. In
the case of the QCM, however, a more  "pullable™
oscillator is necessary. This means that the circuit
will be capable of attaining resonance with the
crystal at excursions from thesoriginal:frequenéy to
which the circuit ‘was tuned. These excursions may be
in the order of 0.5%.. The quartz microbalance
electrode also requires that the a.c. signal be
decoupled from that side of the device which acts as

the electrode in the electrochenical cell,"so that - .

this signal does nmnot influence the electrode
potential. R | | |
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Figure 3.7 . Clapp crystal oscmllator (Frerklng 1978
e p. 85) . _

Flgure 3.8 Pierce crystal OSClllatOI (Wolfgang and
_ - Hutchinson, 1991, p. 10- l)
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" Figure 3.9

Tolpitts crystal oscillator (Wolfgang -
and Hutchinson 1991 p. 10-1).
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Figure 3.10°

TIT8320 integrated Gircuit crystal |
controlled oscillator (Hardy 1983 p.
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Figure 3.11  Dual input WARD-gate osclilator
7" UFrerking 1978, p. 107).
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3.4 MASS CHANGES AND RESONANCE FREQUENCIES

3.4.1 ‘Mass change - reconance frequency
relationship

3.4.1.1 The Sauerbrey equation

It was stated in Sectlon 3.2.1 that the . resonance
Hfrequency of a quartz plezold depended, in part, on
“‘the mass of the plezoelectrically active area of the
- crystal., This phenomenon will be'deScribed'in this -
section. AI—cut quartz dlSC plezoids oscillate at the

| fundevental frequency or odd harmonics of this

frequehcy. The proof of this is lehgthy_and way be:-
~ found in the text by Bottom'11982;'pp;-134w136)" |

Factors whmch affecL the resonance frequency and -

deviations. from this frequency include:
phys;cal properties of the quartz disc (thlckness,_
density and shear modulus)

+ density and viscosity of the phases adjacent to the
plezoid S _

'_'-'amblent temperature and pressure difference aAcross

~ the disc _

. mass of attached electrode or of adsorbate on
attached electrode..

(Deakin and Buttry 1989, Deakin and Melroy 1989)

Other factors may also contribute to  frequ. y

change. These will be discussed in Section 3.4,2. ‘ae
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general ralatmnship, taking only attached electrode
mass into account and maintaining all  other
parameters constant, is given by Ef;uation_. 3.1
(Sauerbrey 1959): . "

quzAm

- Af =
_ AJ Pqliq

(3.1)

Here, f, is the fundamental frequeﬁcy of the crystal
and Af is the frequency shift from 'the rasonance

' value. Am is the mass change caus:.ng the frequency
- shift, The surface area which is pa.ezoelectr:.cally

active is represented by A, while p, and M, are the
density and shear modulus of quartz respectively.

Equation 3.1 shows that the change in f_requéncy' is
linearly related to mass change. A rearrangement
(Equation 3.2) of the _Sauerbréy e_quation is used to
determine the sensitivity and linearity of response
of the QCM. fThis "rearran'gément expre'sses the ratio
Af/Am in terms of f, and the physical parameters.
Bquation 3.2 shows that for a crystal of a given .
fundamental resonance frequency, ‘the ratio on the
left-hand side should be constant, By depositing a
known mass on the face of a crystal, and observing
the frequeﬁcy change, an experimental ratio can be
obtained and compared to the theoretical value
(8tdckel and Schumacher 1987).

n = ...._._............f- 3.2
Am - AJPgle ‘ ‘ )

Clearly, the higher the fundainental resonance
~ frequency of the crystal, the better the mass
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sensitivity. A problem arises #ith high frequency
crystals, however, becauseé these are very thin discs.
and are consequently difficult to mount, coat etc.
This limitation can be circumvented by operating a-
thicker plezoid at higher harmonics to achieve better
sensitivities. In such cases, odd harmonics of the
resonance frequencies are used, as has been done in
the study 'of' undérpatential deposition of 1ead. on
gold (Melroy, et al. 1986), for measurement of
sub-monolayer depositlons. In order to force a
thicker crystal wafer to have a harmonic resonance
'frequahcy, the wafers are overtone p@lished;- This
pfo¢e55' leaves the waféer with a much smoother
" surface. Overtone polished crystals have found favour
where measurements are made at the theoretical limits
of the detection of the fundamEntal mode (efg.,
18 ng Hz? om® for a 5 MHz orystal). B

-~ 3.4.1.2 Limitations of the Séuarbrey equation

Benes (1984) examined the theoretical and practical
aspects of mass sensing using a quartz microbalance.
The limiting conditions were discussed, and the
z~match technique was suggested as being a mnore
~accurate model for the conversion of frequency
- changes to areal mass changes. The z-match technique
considers the importance of the acoustic impedance of
‘the depositing material as being significanﬁ in the
calculation. Use of the z-match technique was
recommended particularly when extremely high loading
of the crystal wag anticipated.
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A detailed study of the radial mass sensitivity of
the OME was undertaken by Hillier and Ward (1992),
uSing' a scanning miéroelectrode (SME) "in ¢lose
proximity to a QME. This study expanded and improved
oﬁ_earliér_work:(Ward and Delawski 1991). Here, it
‘was pointed out that the use of the Sanerbrey
. equation must be accompanied by certain assumptions.
It is assumed that the added mass is uniformly
distributed, that a rigidly elastic thin film is
deposited and that any local deposit is treated as a
thin film over the entire electrode area. Clearly
these assumptions represent the ideal case. By
~ scanning the microelectrode outward from the centre
of the crystal in a spiral pattern, they were able to
deposit controlled amounts of copper or to insert
‘controlled amounts of ions into polymer films on the
OQME while measuring = the frequency change. The
 position of the points of deposition was known with a
precision of 4 mm. In this way, mapping the crystal
surface with the SME was achieved. ' :

‘Hillier and Ward thus investigated energy trapping,
as a function of crystal shape, electrode orientation
and relative size. In addition the sensitivity as a
function of mass loading, solution viscosity and
electrode  orientation  was quantified. They
acknowledged that their results with lon insertion
were not as reliable as those for copper deposition,
as a result of the wviscoelastic properties of the
substrate. They concluded that depending on"the-
experimental arrangement and type of deposit, the
Sauverbrey equation could be in errdr by as much as -
25%. This isﬂparticularly-sc for plano-plano crystals
with high mass loading of viscoelastic films. It was
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recommended that céli'bration ‘be done in all -_ca-sés{

with a film with properties as close as possible to
the experimental film. |

3.4.2  Factors contributing to apparent mass
change '

3.4.2.1 C_bupling of the solvent with the
 oscillating crystal

Two. aspects may be of consideration in terms of
liquid media coupling with the crystal. The first

- type of coupling is electrical coupl:.ng..It has been

suggested {Kurosawa, et al. 1990} that electrolyte
solutions may modulate the inductance of the pleznid.
This has not been fully investigated and the results -
to date are ambiguous and inconclusive.

The second, more important type of coupling is the
damping effect the liquid has on the shear motion,

Kanazawa and Gordon {1985a and 1985b) quantified the
effect of a thin layer of solution closest to the
. crystal surface on the fundamertal frequency of the
crystal. They proposed that this thin layer of
solution was translated in a shear_ motlion with the
crystal surf_ade.' The magnitude of the shear wave in
the bulk solution (i.e., beyond the thin layer) is
damped as a result of energy losses due to viscous
drag. Kanazawa and Gordon were able to predict the



ﬁhickness’ of the shear wave as a function of the
frequenay of oscillation and the properties of - the
liquid (Equation 3.3). In addition, an expression”for
the frequency change expected when an oscillating
erystal is immersed in a ligquid was derived (Equation
3.4).

| .21]1'. ' S
5—_75'9-; o (3.3)
8 = thickness cf_shear Wave'in liqﬁid
M, =  viscosity of the liquid

p; =  density of the liguid

® =  frequency of the shear wave

Afy:= -—-.fg” e

(3.4)

AL, = . change in 'mechanical - frequeacy of
' oscillation '

f, =  fundamental resonance frequency of crystal

o = v1scosity of the liquid '

| P = density of the liquid |

p, = density of guartz

B, = shear modulus of quartz

A relationship exists between the . density and
‘viscosity of the liquid, and the frequency of

resonance relative to that in water (Eguation 3.5)
{Rurosawa, et al, 1990). | )

Af. « JoW: - Joow (3.5)
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Af, is the resonance frequency change from water to a

different liquid. p, and m, are the deﬁsity and |
viscosity of the 1iquid.respectivély and p, and_ﬂhlére_'
the density and viscosity of water respectively..

Hager (1986) “has used the iﬁfluencé; of - fluid
characteristics on  resonance frequency for £luid
' property evaluation. Other research efforts have also
ntilised this aspect ©of the microbalance, for
example, the work by Murumatsu and co-workers (1988).

Kanazawa and Melroy (1993) give a complets summary of
the mathemafical'-treatment of the various effects
governing frequency change brought about by liguid in
contact. with the resonator: The thickness of the _
shear wave which propagaﬁes  into  solution is
approximately 2400 A for water. This thickness is of
sufficient magnitude to be of importance  im
electrochemistry, where the thickness of the double
layer is in the order of 10 = 100 A,

'3.442.2 Surface roughness

A ' film of material being deposited on a QCM
contributes directly to mass change of the piezoid.
When the growing film iz not smooth, as depicted in
Figure 3.12, the liguid trapped within the
depressions contributes to the inertia of the surface
in shear movement and contributes to the appareht
mass change. If 'a surface is considered to be

uniformly rough, and the average depth, 8, of surface
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depréssinn.is known, then the fraquency-Shift dug to
 entrapped liquid, (8£),mgms can be calculated {3.6).
2 £o2

(8f)muqh = _m pla o " .(3 . 6)

5 = average depth of surface deprassion3
(BL) o = fﬁequenc?'shift due to entrapped ligquid.
Other parameters are as defined for Equatlan 3. 4,

' (Kanazawa and Melroy 1993)

The sensitivity of the'QcM to surface roughness may
also be. used as ‘an  analytical tool. Schumacher, l
Borges and Kanazawa (1985) used the QME to probe
surface reconstructions on gold electrodes in liquid.'
Copper and silver quartz mnicrobalance electrodes.
which had been roughened electrochemically, ware
shown to undergo morphological reconstruction within
a few hours (Schumacher, Gordon and Melroy 1987).

 Bittner, Wammer and Weil (1992) studied the role of

surface microstructure of copper deposits during

electroless plating in formaldehyde containing copper
‘baths. This was achieved using a quartz microbalance
in conjunction with Fourier transform infra-red
spectroscopy and surface enhanced Raman Spectroscopy.

Beck, Plttermann and Weil {1992) investigated the
~effect of surface roughness on the theoretical
sensitivity. of the OME by using the QME in
cohjunction with a.c. impedance spectroscopy. A
silver plating and dissolution process with current
efficiency known to be 100% was used as a mneans of
creating a controlled surface morphology. These
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workers found that they were able to differentiate
_hetween-viscpusly'coupléd*liquid {(i.e. liquid ‘which
_mavés “with the- shear motion - of - the crystal-
irrespective ofiwsurface \fbﬁghnesé} ‘and. _r;gidly-
coupled liquid ({i.e. liguid entrapped in deep
'Fissures in the surface (Figure 3. 13)) | |

RFACE
FILM

Figure 3.12 Surface depréssions enﬁrap lmquid, _
~ which contributes to f£ilm mass during _
shear mode asclllation.;
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_wirgln stite : eyeled with . cyoled with
16 current denshty ‘Mgh current densly

wig sighily covpled  Viguialy cowpled

Figure 3.13  Schematic representation of rigidly and
: viscously coupled water (Beck, .
Pittermann and Weil 1992).

~ Beck - and co-mrkérs (1992) sugge's_ted that the OME
should be used in conjunction with a.c. impedance
'spectr_oscépy whenever the current. 'effici'e'ncy-of the
electrode process was unknown, or when details of the
surface microstructure are of interest. -

3,4.,2.3 Adsorbed sPebies

Solution species which adsorb to the surface may be
of sufficient mass and concentration to contribute
significantly to the freguency shift. Again, this
behaviour is not always deleterious becaﬁse_ it has
found spplication in specialised analysis. Okahata
and  Ariga  (1987) have  performed in  situ
investigations on the deposition of Langmuir-Blodgett

. (LB) f£ilns, Okehata, BEbato and Taguchi  (1987)



73

detected the adsofptioﬁ -of bitter: Substances on a
lipid bilayer-coated gquartz microbalance. Okahata and
Ebato (1989) used a quartz microbalance to determine
the smetic/nematic phase transition in liquid cfystal
and - lipid . multibilayers (these _detections ‘Were
._performed' with the crystai in air)., Figure 3.14
_ illustrates the phenomenon of adsorptlon on a crystal
in a liquid medium. | |

ADSORBED MOLECULES

SHEAR o
SURFACE FILM

v

Figure 3.14 Adsorbed species contribute to méss bff
' ' : : a crystal resonator in shear mode
osceillation.

Absorption of ions into a surface Ffilm will affect
the resonance frequency of a quartz microbalance. For
example, ' poly(tetracyanoquinodimethane) electrodes
‘were found to incorporate solvent molecules and ions
upon eledtrochemical ‘cycling  (Inzelt 1990) . Quartz
microbalance studies of processes on palymér
electrodes_(pperatéd in the'shéar modé)'are subject
to spurious results unless account is taken of
changes in the viscoelastic prépétties ~of the
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' material, which may occur - (Ward, Wang and Frostman
1992) . SRR | S

3.4.2.4  Effect of surface_sﬁréss on frequency

change

waiy#formed films may_bé_stréssed for a ?eriqd of .
time, and absorption of atoms into a film may bring
about surface stresses. Frequency change is effected
by the surface stresses of the electrodes. These
éﬁfects may be used as analytical-prabes.'ﬂeusler, et
al. (1988) measured mass and surface stress on & . QME
Grasjo and Seo (1990} measured the absorption e
hydrogen and deuterium into palladium . during
‘electrolysis, by observing the deviation from the
Sauerbrey aquation. Heusler and.Pietrucha (1992)-aiso
-1nve$tigated the surface stress of the P and H, or D2
system, using a QME .

3.5 ELECTROCHEMICAT, APPLICATION OF THE
-. | QUARTZ caxsmnn MICROBALANCE |

'3.5.1 Introduction

Early use of oscillating quattz’piezoids were made to
determine mass changes on the crystal by virtue of
molecules condensing from the gas phase. Examples of
this include monitoring of the coating thickness in
metal evaporation coating units. The initial
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applications of the'quarﬁz microbalance to condensed
phase apalysis were achieved by making an initial
frequency measurement in air, or a centrolled
environment, depOSition of the material of interest
in liquid and finally drying and re-. asuring of the
‘resonance frequency {Nomura and Hattor! 19801 Later
'experlments were performed with piezoids immersed in .
organlc lquldS - (Nomura and Okuhs e - 1982), -
' Electrolytes were avoided because these would cause a'
¢losed circuit between the two poles of the crystal
{i.e. shuntlng) The work by Bruckenstein and Shay
- {1985) paved the'”fway' for a two~pronged
electrochemlcal teahnlque when the OCM wag first used

. in aqueous selution. By isolating one of the crystal

faces from contact with'solutionk electrical shuntlng
was  avoided. In - this manner, the standard
slectrochemical methods (voltammetry, potentiometry,
amperometry) - could be exploited, while performing
simnltaﬁéous in sitw gravimetry, |

' 3.5.2  'The quartz microbalance electrode

 One of the faces of the quartz crystal serves a dual
purpose in the (ME. Whereas the slectrode of one face :
of the crystal is isolated from solution, the other
is immersed and connected to an electrochemical
instrument such as a potentiostat, as well as to the
oscillator and freguency counting instrumentation,
This-éléctrOde-can.thus serve as a working electrode

(WE)  in an electrochemical cell. The counter and.

reference electrodes (CE and RE, - respectively) are
connected to the potentiostat in the usual manner., It
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iz thus possible to perform controlled potential,
controlled current or open circuit experiments on a
Crystal electrode while it is operatlng as a plez01d.
Judic;ous choice of c1rcuitry’ and fllterlng allows '
the two sectlons of the QME 1nstrument to operate
independently

3.5.3 Eleqtronic circuit conslderatlons for
| | the guartz micrchalance electroda

$tandard voltammetric or Amperométric electrochemical
':techniques rely on the application or measurement of
a direct current. If an a.c. component is present at
the WE, it is necessary to decouple (separate) it
 from the required d.c. signal. Two methods exist
' whereby this can be achieved. e

3.5.3.1 Use of a common ground potential

For the purposes of this discussion, oscillators will
- be divided into two categories ~ one where one face.
of the crystal is at ground potential and the other
. where neither crystal face is held at ground
potential. Two examples of circuits which include a
- ground-potential electrode are the Clapp oscillator
and Pierce oscillatos (Figure 3.7 and Figure 3.8,
::respectively). ' o -

A potentiostat which employs a grounded WE, such as
the Wenking or Mintek design, may be successfully
connected to-the_trystal (as a component of the OME)
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without the risk of interfering with the oscillator
--bircuitry or the dscillatbr interfering with the:
electrode potential. Weil and. co-workers (Benje, et
al. 1986) used this type of OME for studies of
dissolution of nickel films. .

3,5.3.2 . Inductor filtering for non-grounded

 crystals

Circuits employing transistor-transistor logic (TTL)
gates are?designed-Such_that neither crystal face is
at ground potential. Figure 3.9, Figure 3,10 and
Pigure 3.1l are cirouits for oscillators which have
neither crystal face grounded, These are the
- Colpitts, Integrated and Dual-input NAND-gate
oscillators respectively, -

Bruckenstein  and Shay (1985) used a
parallel-resonance crystal oscillator. It was
necessary to insert an inductor betweew the
potentiostat and crystal (WE) electrode to remove the
a.c. component . of the  current from the
electroc¢hemical signal. The principle of operation is
that  inductors are open-circuit elements to
alternating current but closed-cireuit to direct
current. - |
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3.5.4 Control and design &f Quartz
| ' Microbalance experiments

3.5.4.1 Frequency meastrement

The most convenient way to determine the resonance
frequency of a'crystal'oscillatdr circuit is by means
of a frequency countar. These 1nstruments preferably
~ have the following attributes:

-+ measurement of frequency changes to 0. 01 Hz

_ dependxng on . instrument speczficatlons
ff-aén51t1vity to 51gnal in the order of 20-30 mV RMS
~ depending on frequency and 1nstrument

~ specifications -

-+ transfer of readings to an automated data 1ogglng '
_deviCe {e.¢g., computer) via either a dlgltal or
‘analogue interface '

» muitluchannel 1nput allowing for use of . reference

 ‘signal if circultry requires this feature.

3.5.4,2 Current and potential control and

measurement

It has been stated that the QME is a two-pronged
analytical tool. Measurement of frequency (mass)
change is the wune prong and an electrochemical
technique, e.g., voltammetry, is the second. Thus
electrode current and potential must be kﬁawn
simultaneously with resonance frequency. If a
computer is used as the data logging device, it can
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be set up to monltor and control elect*ochemical
parameters as well as to read frequemcy. Many
_potentiostat/galvanostat instruments are equipped
with output poles for external wonitoring or control
-of _thé electrode potential or current. A chputer'
equipped with -digital/analogue interface circuitry
(DA/AD) can perform this function, Voltage resolution
depends on- the DA/AD card in use and nay vary from
0.61 mv for a 14~bit device to 2. 4 nv for a 12—b1t'
device 1f the measurable range is +5 V. Reading of
frequency and current} for example, can be done in a
fraction of a second and the rate of measurements'is
ﬁsuaily limited by the frequency counter gate time.

'3.5.4.3 - Data logging and manipulation

~ The data obtained by the techniques'described above

can be processed on line if time overheads ave not a

consideration. It is also possible to store the data

by the usual magnetic means for processing after
copletion of the experiment, ' '

3.5,5  Examples of the electrochemical
applications of the quartz mmczobalance
electrode

Apart' from the applications cited in the sections
above,'_the OME has been used in corrosion. study
(Hager, Reudisueli and Beuhler 1986, Chandler et al. .
1991), as well as for the study of anodic deposgition
of FePO, from ferrous ions on gold {Sec et al. 1992).
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~ The formation and disappearance of oxide or hydroxidé

films on metal surfaces has been monitored with the
Qlédfl‘:‘. (Mtiller et al. 1988, Deakin and Melroy 1989,
Bernard et al. 1991). Hessami,'nrmstrong and Kanazawa
1 (1992) have achieved = controlled = hydrodynamic
conditions at the QME by directing a Jet of
 electrolyte at the electrode. In this manner they
were able to measure_the-rates-of electrodeposition
‘and dissolution'Of copper and nickel thin £llms as a
- function of electrolvte wvelocity. Schmidt et al.
(1993) investigated the deposition of metals from
dilute = solutions, Codin pafticular, for the
determination of trace amounts of copper and lead in
solution. Here, the (ME was used in conjunction with
anodlc  stripping  voltammetry. Electrochromic
materials are . currently of great interest to
" electrochemists, and the research in this field has
not ignored the OME. Ostrom and Buttry (1988) have
used cyclic voltammetry and potential step technidues
with the QOME to investigate the properties of thin
" films of electrochromic 'ﬂiheptylvioiogen Dbromide.
' Bourkane, Gabrielli and Keddam (1988) were amongst
the first to incorporate a.c. impedance techniques
with the OME. | | o

A growing number of research groups are using the QME
to study diverse electrochemical and sclid/solution
interface processes. The citatlons given above are by
no means exhaustive. |

The description of the quartz microbalance theory has
also been limited in scope. Two of the most recent
reviews on the subject are the comprehensive article



by Buttry (1991) and that by Buttry ant:{ Ward (1992)
in which attention is gilven to applications, |
:- techniques and theory. In the latter review, 133
references are cited ¢overing the twelve years of in
situ electro—gravmmetrlc ‘measurements using  the

quartz crystal mlcrobalance {8 wvears in agquesus.
solution) . '
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CHAPTER 4 LITERATURE SURVEY - ELECTROLESS
|  PLATING |

4.1  GENERAL STUDIES IN ELECTROLESS PLATING

In common with. many great scientific discoveries,
electroless plating was invented by accident. The
serendipitous event occv.s 4 while research was being
conducted on improving ele.irolytic nickel plating bath
properties. The discoverers {Brenner and Riddell 19486).
explained their observation simply by reporting the

phenomenon as & surface catalysed reduction of nickel
by hypophosphite, producing an increasingly acidic
solution. o ' | '

‘Within one year of the initial publicatioﬁ a minimum of
two patents had been filed, relating to the topic, To
date, citation index and abstract searches reveal that
hundreds of publlcations relating to eledtroless_
_ plating EXlStu one of the reasons conmtributing to this
wealth of literature is the usefulness of electroless
plating in the electronics industry. This industry has
grown at a tremendous rate over the last forty years,
with the demand for ever smaller, higher density
circuitry requiring further research inte fabrication
techniques, including electroless plating. In the
Proceedings of the Symposium_on Electroless Deposition
of Metals and Alloys, edited by Paunovic and Oh

(1988), a number of papers dealing with the use of
electroless plating and electronic clrcuitry are
presented, The requirement for reliable, high density
' magnetic recarding'media'Ln the computef induétry'has

increased. The properties of certain electroless alloys



8'3 '

. are suitable for this application, In his Ph.D. thesis,
Homma (1992) gives an in -depth review of the
developments in this field, Many recent publications
address the tailoring of  electroless deposits, for
ekample; bevel plating by anisotropic electroliess.
nickel depbsition {(van der Putten and_de-Bakker 1993a
and 1993b), and the prevention of recrystaliization by
annealing of fine-grained copper deposits (Mak et al. -
1993). Sricharoenchaitkit (1993) used an  electroless
‘nickel film to act as a plasma barrier in an oxygen
magneton-enhanced reactive ion etching procedure.

Eatly'mechanistic studies, published a few years after
'the discovery of electroless piating; invéstigated the
.effect'of some fundamental parameters on electroless
nickel plating rate (de Minjer and Brenner 1957). These
“included pH and component concentrations, The effect of
inhibitors was also studied, as well as the composition
- of precipitates arising' from bath decomposition.

Various  organic  acids  were investigated as

accelerators. The addition of certain inhibitors
(thiourea, - selemic = acid, . potassium thiocyanate)
resulted in a change in the overpotential of hydrogen
evolution  on the ‘substrate. Plating - rates were

determined gravimetrically. ' '

The possibility that the mechanism dincluded the
activation of nickel by the discharge of.&ydragen was
considered. These authors felt that the rate of
hydrogen evolution could influence the rate. of nickel
deposition. ' S o

Levy (1963) proposed that most electroless plating
reactions take place by a single mechanism. This
hypothesis was based, in part, on the observation that
‘all reducing agents used in elegtroless plating, up to
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that time, contained hydrogen atoms, and gaseous .
hydrogen was always one by-product: of electroless
‘plating. Levy noted that a common factor a:mongst metals
 which were capable of being .electrolessly _plated was
the presence of, or the ability to form inner orbital
electron vacancies. Levy also critically assessed
mechanistic work previously published, Reference was
‘made to work. by Cahill (1957} which showed that copper
could be plated from solutions of Cu* and formaldehyde'
ag a reductant, even when the reductant and metal ion
solutions were separated by a porous frit, ruling out a
direct chemical step between the metal ions = and
reducing  agent. That 4is to  say, a purely
electrochemical mechanism was suggested. With this type
of mechanism, interactlon between the metal ions and
. any :.%educing agent species or intermediate is not
req .red. o '

The influenc_e of solution agitation on electroless
plating rates was invéstigated in detail (Feldstein and
Amodio 1969). Both electroless copper and nickel baths
were  investigated,  with acidic  and alkaline
formulations. Trends obser\red in acidic and alkaline -
nickel baths .led these authors to concluds that a
similar mechanism existed for the two pH regimes. It
"was found that agitation has the grestest effect when
the activation energy is high, bath temperature is low
and agitation is achieved by mechanical st:.rrlng For
exa,mple,_ a - l_ow - temperature - alkaline nickel -
hypophosphite bath, with plating rate independent of
Ni* concentration, was shown to have a plating rate
independent o_f agitation at 35°C but to exhibit lower
plating rate with increased agitation at 20°C. A low
temperature nickel boron bath exh:.bited plating rate
independent of ag:..tatmn at 25°C but dependent on
agltata.on at 35. ,5°C.
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Potentiometric determination of the hypophosphite

o species in electroless nickel baths was lnvestigated as

- an analytical technlque for monitorlng an industrial
' electroless process (Feldstein, Lancsek and Amlck

1870} . This was performed as a necessary maintenance of S

' 1ndustr1al electroless baths require the concentration
of the reducing agent. to be within certain limits. It
was.shown that chemical species known to be inhibitors
'of the hypophosphite—réduced nickel systém' could be
used as titramts for the hypoﬁhosphite anion. Thiourea
wWas ohe such titrant investigated. Paunovic (1980)
- described an  electrochemical. control system for

eleqtroless copper baths, using chronopotentiometry and -

--voltammetry.' It was suggested that the computerised
_mnnitoring and ccntrol of more than one bath component
would be p0551b1e once a- data base of ideal responses
was collected._ |

The extensive research in the fleld of electroless
plating has led to the proposal of many different
mechanisms. These mechanisms have beén supported by
numerous painstaking and ingenious experiments.

In a comprehensive paper on electroless plating
fmechaniéms,_ observations of previous workers were
brought together in an attempt to idehtify plauéible
and implausible mechanisms (Salvago and Cavallotti
1972) . These authors presented a review of the first
twenty-seven years of study in the field. A second
comprehensive discussion on general electroless plating
mechanisms was made by van den MEerakker'(lgalb)' Both |
of these reviews scrutinised mechan:.sms in terms of
avallable experimental results and postulated _new
reactlon sequences which appeared to better fit the
data, 1nclud1ng those from their own research.
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Van den Meerakker (1981b) proposed a unifotm,'geﬁeraih
mechanism = for different  bath combinations ':‘and
-_s_ubstr_étes Listed below are ‘the various pre- exlsting_-
mechanisms on which his discussion was  based.
Proponents are as c:.ted by van den Meerakker. R

) T,he.. Pure._Electroc'hemical Mechanism
Bnodic:  HFO, + HO - H,PO, + 2B + 2e o (4.1)
Cathodic: = M + ne” — M (4.2)
2w 28 > BT o (4.3)
NEX N . The ietal Hydroxide Meéhéni_sm -
Ni (OH), + H,PO," ~» NiOH + H,PO,” + H' (4.4)
| NiOH + HPO, - Nil + HPO; + I o (4.5)
| NiOH + H,0 ~» Ni(OH), + H'  (4.8)
28" = HT | | (4.7)
(iii) °  The Hydride Ion Mechanism
2RH + 20H" - 2ROH + 28" | (4.8)
W42 o o+ 28] - o+ BT (4.9)
2H,0 + 2H — 25T + 2o~ - Co(4.10)

(RH is formaldehyde or hypophosphite)_

(iv) ‘The Atomic Hydrogen Mechanism

Anodic:t - RH + OH = ROH + H' + e _ (4.11)
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cathodic: M" 4 ne” > My - L (4.12)
CH +e - E O (4.13)
Recombination: B +H - x5t - {4.14)

(RH is formaldehyde, hypophosphite or borohydride)

_ ﬁechanism (i) has been suggested to be Inadequate
mainly because it is inconsistent with experimental
”_results-idéntifying_the origin of the evdlvethydfogen, 3'
Studies lby 'Ogura; et al. (1990), where dei_lt_erated_
formaldehyde was used, support results cited by van den
Meerakker to this effect. That is, the evolved hydrogen
 was found to origi~.te from both the reducing agent
(HCHO) and the solven* (&L . However, ECMS experiments
performed by Jusys and Vagkelis (1992a) rejected
outright the conclusion -drawh by Ogura et al. By
showing that the evolved hydrogen originates from the.
formaldehyde alone (4.15 and 4.16), Jusys and VaBkelis
.were-:able' to give evidence _in' Support'-of. an
electrdchemical_nmdhanism._The result of the work by
Jusys  and Vagkelis (1892a), for oxidation of heavy
f_orm-aldehy'de in watexr; was - : =

2DCD0 + 40H" —%» 2DCO0™ + 2H,0 + D, + 2¢°  (4.15)
and for oxidation of formaldehyde in hea* Jater
2HCHO + 40D —2 2HCOO™ + 20,0 + H, # 2&”  (4.16)

Jusys and VaSkelis suggested that '. the .methodoiogy
adopted by Ogura et al. led ﬁr.) spurious results. They
also pointed out that the oxidation of formaldehyde was
not likely to be an elementary process. The -c:at.alytic
‘mech~nism of  oxidation and dehydrogenation of
formaldehyde (reactions 4.189 and 4.20, . van den

Meerakker 1981b} was cited in this regard. The
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mechanlsm of the copper catalysed process, u51ng DCDO,
wes given by these WOrkers as

| ncoo,d, —E om + Dcoad, s (4.17)
_ (dissociative adsorptioﬁ‘ on 1, productlon. of labile .
 formyl) |

DCO,,, + 208" — DCOO™ + H0 ¢+ (4.18)
(oxldatlon of the formyl. molety) -

Recombination of the adsorbed D {or H in the case ci
ZHCHOJ results in D or Hzxespectively.

Experiments carried out in two—compartment cells, such

as in dthe 'frequenfly- cited”_work by ElﬂRaghy and

Aho-Salama (1979), using & oopper(II)—tartrate/
formaldehyde bath, exposed a weakness in mechanlsm {11)'

since they proved that “the chemical 1nteract1cni"

described by this mechanism was not a ‘requirement fer
-electroless plating. (Donahue - (1979) discussed tte
paper by El-Raghy and Abo-Salama, pointing out thst

‘experiments in separated compartment cells did nct

- reveal certain interactions which might be expeoted.;n
electroless plating reactions). The result presentedlhy
El-Raghy and Abo-Salama (and other works cited by
Donahue) may thus represent a speczal case whers
independent anodic and cathodic processes could resul:
in autocatalytlic deposition. o

Mechanisms (iii) and (iv} imply tha. hydrogen evolutior -
should be at least equivalent to metal deposition. This
is not What.is obsearved in practier'as'noted by van'
den Meerakker. Since thepns were flaws in all four
mechanisms, van den Meerakker formulated a new
mechanism coneistent with experimental data. '
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His mech:nism is CSMpaséd of the following steﬁs:'

Anpdic:
- Dehydrogenationm: = _ N _
 RE~YS R +EH (4.19)
oxidation: " R+ OH -» ROH + & = - (4.20)
' Recombination: .  H' + ' -» ©,Y o (4.21)
_Oxidation: B + OH - K,0 + e° . (4.22)
Cathodic:
. Metal deposition: M™ + ne” -> M} I S T2
. Bydrogen evolution: | |
| 2H,0 + 2¢” —» B, + 208 | (4.24)"

Reactions 4.23 and 4.24 reflect behaviour in basic
‘solution, The corresponding processes = in aeidie
- sclution are thus -

I . (4.25)
‘and | - . |
2K + 2¢" - BT (4.26)

respectively. The co-deposition of phasphbrus and boron
‘with nickel in baths reduced by HPO,” and boron
compounds - respectively was attributed to a third
~ cathodic process. S

‘The mechanism described above was claimed to apply:to
the following ' reducing. agents: . borcohydride,
dialkylamine borane (generic), hydrazine, formaldehyde
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‘and hypophosphite. D'eta'_iled ‘hypothetiaal reac_.tioh
sequences were given. ' ) :

Both the catalytic nature of electroless plating and
- some aspects of the mixed potential theory can be
reconciled ~ with ~ this mechanism.  However, the

interdependence of the two half-reactions, which had

. previously been proposed by Donahue (1972), was not
addressead. ' '

- Donahue's (1972) treatment of mixed potential systems
emphasised the possibility of interdependence of the
half-reactions but wag subject to the assumption that
Tafel slopes for the respective half-reactions in the:
‘complete bath are not different from those observed in
electrode kinetic studies of the individual processes.

Bindra and Roldan (nee Tweedie) (1983) investigated the.
controversial issue of the applicability of the mixed
potential theory to the mechanism of electroless
plating. In their first (Bindra and Tweedie, 1983) of a
series of publications, the effect of mass transpdrt
and concentration of reductant or oxidant on the mixed
(plating) potential in a 'c_opper batih was examined. In
- this case, formaldehyde was used as the reducing agent.
Evidence of the interaction of formaldehyde oxidation
and copper reduction partial processes was{ noted, on
the basis of comparison of the Tafel slopes obtained
~for formaldehyde oxidation in the plating solution and
in the anolyte alone, Small differences between the two
slopes were attributed to coupling of the anodic and
cathodic partial processes, and to catalytic effects of
the surface, A tramsfer coefficlent of 0.41 for the
anodic process was suggested to indicate specific
~adsorption of the reacting species. These conclusions
may be contrasted to those of Paunovie (1968), who
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‘attributed small differences in Tafel slopes to _poo;_f:_
reproducibility on the solid electrode. The second

. psper (Bindra and Roldan 1985) reported on the

catalytic activity of various metals Ffor the oxidation
of formaldehyde as determimed with the aid of cyclic
'voltamnetry; Comparison between formaldehyde oxidation
in acidic and alkaline media were made. Decomposition
of formaldehyde on metals 'take-s' place with hydrogen
- evoluticon if the free energ'y'for hydrdgen adsorption is - |
positive (¢.g. copper). On metals for. which the free
‘energy for hydrogen adsorption is mnegative, e.g.
‘palladium, low catalytic activity ‘towards formaldehyde
oxidation 'was noted, and it was pointed out that
autocatalytic deposition = of these metals using
formaldehyde as the reducing agent was not possible.
Part three of the series (Bindra and Roldan 1987)

examined the interaction (or interdependence) of the

partial processes in electroless plating. The various
possibilities of kinetic control of the overall process
were considered and a mechanism was proposed. These
workers suggested further that the overall mechanisin of
electroless plating could be determine‘d by observing
the mixed potential behaviour while wvarying the
concentrations of the reacting species under contrelled
hydrodynamic conditions, This was limited to the cases
of diffusion or electrochemical control. Under mixed
control, more complicated theoretical treatment than
that presented would be required. ' |

In a three part series, Flis and Duguette (1984a, b, c)
investigated the role of the catalytic substrate on the
- nucleation and'_g_z_:ow-th_' of electroless nickel deposits.
Ivon, nickel, nickel-phosphorus, molybdenum activated
“with palladium, copper, activated -dopper,' gold and
platinum were the substrates investigated by these
workers. '-Techniques- used in this work included linear
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sweep voltammetry and scanning- and  transmission
- electron miqroSGOpy (SEM and TEM, respéctively}, Nickel
phosphorus alloys exhibited higher catalytic activity
than pure nickel for the oxidation of hypophos-phite and
‘the electroless deposition of mnickel. This phenomenon

was attributed to low stability of surface oxides on -_ :

the alloy as opposed to the pute nickel. Potential-
arrests du_ring the incubation period of electroless
nickel plating were noted on vajﬁious subst'rates. These
arrests were _'aséoci'ated with oxide dissolution. The
intrinsic  catalytic activity of -nickel and Ni-P was
'consideréd” to be almost identical Small amounts of
electrolytically depos:.ted ‘nickel .o copper, gold and
palladium was ‘found to enhance the electrocatalytic
activity of these metals towards H,PO,” oxidation, a
phenomenon-_.attributed to s‘ynergistic effects.

Vagkelis, Jagminiene and Prokoptchick (1986) and
Vaskelis and.Ja-gminiene {1987) used a glass eleé’trode,
covered in Pd~activated nylon netting, to measure the
pH of the solution as close as possible to the solid /
solution interface. In the' former _work,. the surface
layer pH in an_elecfroless nickel bath with wvarious
additives was measured, while in the latter, ‘an
electroless copper bath was studied. These workers
cautioned against the use of pH measurements in the
bulk solution region of ah electroless bath in kinetic-'
studies, because a s;gnlficant dlfference was noted
between the interfacial and bulk pH.

Paunovic (19285) 'introduced the potentiostatic - high
overpotential technigue in studies of electroless
copper deposition in order to provide correlation
between eiectrochemica_l and structural | kinetic
parameters, Nu'cl&atipn parameters (number of nuclei,
 the nucleation rate constant, and the geometry of
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- nuelei) _wére thus determined by an 'electrochemical
method. | | -

Homma and co-workers (1991) employed TEM to define and
compare the grbwth'patterﬁs Qf electroless ccpper and
nickel deposits. The differing ability of these metals
to adhere to ceramic substrater was attributed to the
_observation that in Ni-P deposition, finite muicleation
occurs, allowing the deposit to grow into clefts in the
‘fhstrate._ln the case of copper; however, growth takes
place along specific crystallographic axes, and large,
orientated particles form which do not mechanically key
in to the'substrate By observing the initial growth-
-stages in electroless Ni-p using in situ gcanning
tunnelling microgcopy (8TM), Homma, Yamazakl and Osaka |
(1992) were able to confirm that the deposit grows by
means of_cohtinubus nucleéation of grains. The grains -
grow to a critical size, at which point new grains are
" nucleated on the surface., This is in contrast to the
situation in eleckrolytic deposition, where grains grow
to much larger dimensions. Gémez and co-workers (1892),
studying electroless nickel, - noted  that underf.
controlled potential and in the presence of certain
sulphonated additives, progressive nucleation (similar
to that observed by the previous workers) was found in
the formation of electrodgposited films. ' |

A detailed review on the electrochemical, catalytic and
mechanistic aspects of electroless plating, as well as
- methods of determining deposition rates, was published
by Ohno (1981). The electrochemical behaviour of
electroless baths was discussed in terms of the mixed
potential theory and the polarisation behaviour of the
bath in the absence of one of the active components. It
was shown that the sum of the net current density at a
given potential, obtained from polarisation curves
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(presented _ as  logarithm  (current density) ws.
potential) fdr'eaqh of_the reducing agent and metal ion
‘in isolation, did not equal that measured in the full
bath, thus proving interaction of the partial
processes,. The following observations point directly to
- the importance of the catalytic activity of the
depositing ietal: | S | -

. electroless deposltlon OGCULS exclusmvely on an
active surface; o |

» if the surface is not inherently active then some
form of - activation procedure is reauired (e. g.,l

- immersion in a tin/palladmum solution);

+ an induction period is frequently_observed.prior to
the onset of steady state plating; -

+ the selection of raﬁuwing'agents-for use in

electroless baths is limited;

+ the combmnaticns of metal ioh and reduclng agent
which functlan as electroless baths are specific;

+ in many cases, hydrogen_évolution accompanies _
electroless plating, and the hydrogen originates from
the reducing agent; |

-+ compounds known to be poisons for catalysts, e.g.,
thiourea and merqaptobehzothiazole,'act as |
stabilizers in electroless baths.

A diagrammatic representation of the 'activity of
certaln metals for the oxidation of reducing agents at
a reference -qurrent density was given, and is
reproduced in Figure 4.1. It was noted that no
correlation exists between the catalytic activity of a
metal for N, evolution, and its catalytic activity for
the oxidation of the reducing agents.

The experimental results given by Ohno revealed three
types of polarisation curves for the anodic-oxidation
of the reducing agent. These are illustrated in Figure



85

- 4,2, The shapes of these curves were récoricil_ed_-by ‘Ohmo

with a me'r_:hanis'in of the oxidation process. The k.-in_et_ic Lo

_equatidns_ of thi_s' meché.nism were used to c'levelop-':__,a_
computational model for predicting ‘the 'shapé""of ‘the .
polarisation curve under - a - g:.ven set of | cond:.t:l.ons._ N

- Results obtamed from the model were presented,; and o
 were shown to compare . well  to experimental =~

observations,

~ ohno- also presented a "di_scussion’ of the use of the
polarisation resistance technique and a.c, impedance
methods for prediction of the electroless plating rate.

e ' C mmoedcl, 13
'nhuzpnz T I_ll'HJLJfJ e J. tind
. CE Bty omoag B P_d _ Hi .
:I HCHO ' l . ._[rJ f ( 1 r - !11 I . i ]‘]1
B N Co Bd HpPtAudaty o |
HUBHQI 1 l TI'T f_j IIJFI _._..,_L_l
[ S S P I

| : £ fu’JlPth T:Agnu S
- NHoRHy | —_— I N F] ,LI ', RS

Figure 4.1  Catalytic activities of metals for the
anodic oxidation of five reducing agents.
B, = standard reduction potential of the
reduc:.ng‘ agent, H, = reversa.ble hydrogen
potential (potentials at 107 A com™)

~ (Ohno 1991). The bath compositions were
~specified by Ohno, respectively. '
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" Figure 4.2 . Schematic representation of the three
S : types of log{current density) vs. .
- potential curve observed experimentally
{Ohno 1991). 1 = Tafel behaviour, 2 =
- limiting current, 3 = volcano shape

The following inves_ti-gations of - deposition rates and
rates of reductant oxidation in complete and modified
baths corroborated Donahue's  finding -_{1972)- that the
two partial reacticne in some electroless plating bat_hs
are interdependent: Bindra and Roldan = (1987) uSing a
rqta_ting disc electrode for electroless copper with
HCHO reductant;__simultanecus' in situ gravimetric / net
electrode current measuremEnts: Wiese and Weil (1987a)
(electroless copper) and (1987b) (separation of partial
processes using an electronic circuit), Orchard (1988b)
rotating disc, electroless nickel reduced by HPQ,,
Feldman and Melroy {1989) -QME studies of electroless
copper with HCHO reducing agent, Gafin and Orchard
{1992) - (ME studies of electroless nickel with HPO,
‘reducing agent. The discovery of interdépendence opened
many more possible  avenues: of research and
‘interpretation, since independence of the anodic and
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cathodic reactions is fundi seatal to the classical
mixed potential theory of Wagner and Traud '

Thus? a chemical interadtion of bath_ Compbnéntsn
{including reaction products) combined with purely

electrouhem;cct steps has become a mmre 11ke1y genre of

mechanism for electroless platlng ' '

4.2 ELECTROLESS NICKEL

‘Autocatalytic or elebtraless dePOSitiDn_ was firét"
observed with nickel (Brenner and Riddell 1946). The
 electroless nickel deposition procéss has received
considerable ‘attention for hlstoric reasons. 'However, |
this attention could only be sustained if some

commercial  value could be attached to electfoléésﬁﬁ

nlckel The magnetic, wear and  corrosion-resistant
proverties of electroless nickel alloys_have ensured
continued attention (Bayes and House 1991). |

Feldstein  (1970) published detailed information
regarding two rocm. temperaturef electrdlésé nickel
baths, both of which operate at alkaline pH. Studies of
‘deposit composition, activation eénergy, solution
complaxes and'plating rates were made, These baths have
proven to be useful for mechanistic .:tud:.es because
loss of the most vblatlle component {ammonia) 1is such
lower than for baths operating at elevated temperatures
(Orchard 1988b} .

Studies by FeldStein and Lancsek (1971[ of the mixed
potentials of nickel plating baths yielded méchanistic-
postulates accounting for the phosphorus content of the
‘electroless deposit and the-hydrcgen evolution during
plating. In this work, it was propused _that the
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reduction of hypophosphlte was not dlrectly mvclved in
-the formatlon of elemental P, The phosphorus was.
- thought t€o be a produc:t of reaction of a short-llved
intermediate, namely, metaphos;;horous ~acid (HPO,).
| Jusys,  Liaukonis and Véékelis {1992)  utilised
electrochemi 221 mass spectrometry (ECMS) to investigate
the mechanism  of electroless Ni-P depos:.t:.on
Experiments were perfarmed w:.th deuterated and ordinary
hypophosphite, and H,0 and D0. In addition,
_.experiments-._ were  performed at - open circnit and .
controll_.ed' potential in the absence of one of the
electroactive species. These workers suggested possible
_mechani'Snis of hydrogen evolution and P .incorporation.
Metaphosphorous acid did not, however, appear in their

mechanism. (ECMS allows. the wonitoring of gaseous

_products of electrode processes. Ebr example, a pqrous"
Teflon membrane is coated with nickel, which serves as
the working electrode. Gaseous products are sucked

through the membrane-aufing the electrode reaction and

- are analysed by mass spectrometry Judicious éhoice of

- deuterated or other isotopically labelled reagents
.expedites mechanistic studies. }

Zeller and Landau (1992), and Harris and Dang (1993)
invest_igated phosphorus incorporation into Ni-P alloys
formed by -electrodepositioﬁ. Both groups favoured an
indirect me_c:'hanfi_.sm' of P inco'rporatiori,' with a PH,
intérmediaté from a-pho_sphorous acid starting material.

Gorbunova, Ivanov and .Moiseév '(1973) used sodium
 borohydride as a ‘reducing agent for the electroless
deposition of Ni-B alloys. A mechanism was proposed for
_this process and physical properties of the deposit
were described. These workers found that Ni-B alloys
containing 4.3%_ B consisted of two phases: a solid

solution of B and H in fee B-nickel, and an amorphoﬁ.s
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_phasé.'Alleys with higher'fradticns of boron ware found

- to be amorphous. Lelental (1974) discussed the effect

-of substltuents on amine boranes {viz., ammonia borane,
mono-methylamlne borane, anﬁ,idl- and tri-methylamine
borane) on the activity of autocatalytic deposition. A
nmchanlmm for the. electroless reaction was proposed

Molecular orbital theory was used to explain aspects of

the reactivlty of the various amine beranes,'ln_terms o

of the strength of the N-B bond. The critical coverage |
© of Pd for elactroless nickel plating with various amine
boranes are given in Table 4.1. '

Table 4.1 <Critical coverage of Pd for catalysis of

" - .. electroless nickel plating with various
reduging agents, and relative N-B bond
strengths (Lelental 1974).

Reducing agent erltlcal coverage Relative N-B

(0.17 mol LY [ of Pd /atoms em™ | bond strength’
N I T o N 7 N
CHHENBH, | 1.5 x 10% | 0.4798
(CHjHNBH, | ~ 5.8 x 10" | ~ 0.4892
[(CHy)NBH, | >1 7 x 10* ~ 0.5048

* Measure of N-B OVerlap

It was subsequently shown (Leiental_lQTS} that a copper'
dopant in an electroless Ni bath significantly improved
the autocatalytic activity of the deposit when compared
to pure nickel. It wae'pr0posed“that'this improvement -
was a conseguence of the promotion . of weak
chemisorption of hydrogem on the surface. Lelental
cited a number of works deaiing with the enhanced'
catalytlc act1V1ty of the Ni-Cu alloy over pure Ni, and
the hypothesis was that the effect was due to d-band
‘holes in the alloy. Molecular orbital theory arguments
were used td:deSCribe the formation of weékg'as epposed
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o strong chem:.sorption of H, as a factor which
mproxred electrocatalytlc activity. Van den Heerakker
and -de -Bakker (19920) also demonstrated that alloying_
influenced = the electrocatalytlc act_lvity - under -
' potentiostatic conditions. - S

The substrate _c.’cmpos_itioxi_ 'is an  important factor in
mechanistic ccnsidera‘tioﬁs (van den iMeeraxker 1981‘3) .
Marshall (1983) reported low rates of H,P0, oxidation
at _naﬁ«-c‘:-ataly'tic surfaces, -as comparad with ."'nick_el'___ or
 palladium which were catalysts. The catalytic oxidation .
" of HzPoz‘ on Ni was. 'im're:s'tigated' in some detail by
Jusys, Liaukonis and VaSkelis {1991), using ECMS.
Anodic dissolution of nicikél was suggested to influence
the catalytic nature of the surface. Dissolutioh'off
‘nickel oxide, resulting in an"':.ncubatz.or period“ ‘has
been proposed to be hecessary prior to electroless
plating (Flis and Duquette 1984a). It is important,
however, to . mention the différence' in- .catallyti'c '
_ activ:Lty of pure nmkel and NiI-P alloys Whereas pﬁre_
-_NJ. has actlvity for the catalyt:.c decompcmition of
H,PO,” (Marshall 1983), it shows reduced activity to -
ele_t:trc:’ies_é_ #iating (Flis and Duguette 1984a, Hung and
Ohno 1550) . The Ni-P alloy, ‘however, readily catalyses
- the electroless process. Sug:.ta and Ueno {1984)
proposed the following mechan:l.sm for the :anorporatmn
of phosphorus in the electroless deposit:. '

Ni¥ + PO, + 200 — H0 + HPO7 + Nid  (4.27)
HPO,” + K0 — Bt +'H2P03‘ |  (4.28)
© 3H,P0,” + 2H' —» 3H,0 + sz?o3 + 2P¢ T (4.29)

Ni®* + H,POy —> H* + NiHPO, [or Ni (H2P03 o1d . (4.30)

With regards the formation of an oxide film during
anodic dissolution, Diegle et al. (1988) performed
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detailed XPS' _studiés on an alloy _of.-Ni and P. These
workers used XPS to assess the effect of anodic
polaxlsatlon of an Ni-P alloy in sulphurlc acid. A

_madel for- the passivation of a Ni-P alloy was proposed :

(F:Lgure 4. 3) . The model illustrates the formatlon of a
‘P~enriched layer close to the surface during anodic
'polar:n.sat_ion, in sulpshuric acid medium, followed by
'c‘xirlatiOn of P to form a barrier layer of 'adsorbed._
H,PO,". This constitutes the passive state of the alloy.
In the transpassive st.ate, H,PO,” "is oxidised to HsPoa; _
and . stoicheiometric “-alloy dissolutlon ‘takes place
through the P- enrlched 1ayer |

‘The .tachnique of XPS iw 'useflil ‘in the characterisatiom .

of a catalytic surface, and is thus often applied to

catalytic materials at various stages in the history of
the material, with restect to its active lifetime. -

Hofmann and Weil (1993) expanded on the work of Diegle
and co-workers by using a rotating ring-disc electrode

to characterise oxidation products of electroless Ni-P _' :

deposits. In addition, a QME was used for 'further._
characterisation of the oxidation state of phosphorus'
species. In this publication, it was proposed that the
_. peak séparatioix of the two phases in the Ni-P alloy
(Benje et al., 1988) was due to passwatlon,- and not
due to differing thermodynamic stability of the phase.s.
It was found that the oxidation of phosphinate (PY)
ions is less hindered on the drystalline phase than on
the glassy phase. During anodic oxidation of the Ni-P
alloy, the major product (in respect of oxidation of P)
is phosphate, with a minor product being phosphinate.
‘Two possible mechanisms were given in which the

- possibility of both  phosphinate and phosphonate

intermediates was described. - The phosphlnate, which is
readily oxidized on the crystall:me NJ.-‘, f.orms a
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Stable. adsofbate on the glassy phase, as described by
Diegle et al, [1988). Passivation of the glassy phase

is the consequence of this reaction sequence. ~ Hofmann

and Well attributed the ready d;ssolution of the Ni-p
crystalline phase to the strong electrocatalytic
activity of this material to oxidation of the P
species, and presented a dlagrammata.c model of the
oxldaticm mecham.sm of the Ni-P alloy (Flgure 4.4y,
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_ Schematic cross section of passivity model,
short term situation (1-~10 s of polarisation) shows transition betwean
gir-formed fitrn and final barrier layer.

'Long term situation (2103 s of polarisation) shows near steady-state
barsier of hypophosphita anion.
Schiernatic cross section of transpassive dissolution: ngh overpotantial
- Induces pxidation of adsorbed hypophosphite anton to HzPOg, -
- #ecorpanied by stoiechiometric alloy dissolution through an enriched P layer,

‘Short Term © Long Term
Pnlarizatinn . Palarization:
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Figure 4.3 Passivat:.on model of Ni-P allOYr
resulting in the formation of a barrier
- layer of H,FO,” (Diegle et al. 1988).
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Flgure 4.4 Schematic model of oxidation mechanism of
- ' Ni-P alloy, illustrating the formation of
- H,PO," (adsorbed) as an interme-diate
proc‘luct {Hofmann and Weil 1983).
Jusys, Liaukonis and VaSkelis {1992) alluded to the

influence of surface composition in their study of the
-mechanism of electroless Ni-P deposition. Using a pure
. these
 workers observed the behaviour of an elect-r'c.Jless' Ni
bath employing H,PO,” .
period was noted for a steady state te be established
at open circuit. The me'-t:hanisms of the various cathodic
and anodic processes occurring = during electroless
:'plata.ng suggested by these workers follows, and falls
into the "electrochemical mechamsm category. 'I'he use
of D,0 clearly illustrates the nechanism.

Ni electrode at  the start of each experiment,

as reducing agent. An incubation. -

HzPo,_ + DEO —2.s HDPO,” + H + D' + @ {4.31}
NP+ 26" —Moy Nid  4.32)

__ . D4 e —Hsp | 14.33)
CHPO, + 4D + 3e” —¥y pl 4+ 20,0 + 1,1 (4.'34)
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 The last three reactions are cathodic, the first being
the anodic oxidation of H,P0, in D,0. An enhancement bf
the rate of oxidation of H,PO,”. was observed when Ni*
‘was present in solution, over the rate observed in the
absence of this cation. This was attributed to enhanced
catalytic activity of the,constantly renewing surface.

The rate of reaction 4.31 was found to be about ten

times greater than that of reaction 4.34, thus the -
influence of the,latté: on the gasfcmeOSition*could“be '
neglected. The rate of reaction 4.31 showed dependence
" on the Ni* concentration only at low values, i.e., up
to about 0.02 mol IL*. This reaction was found to
follow the kinetic equation: | ' o

__-i[H——-——-“;io"‘Lk[Hz?oE]"‘[Ni“]”=[H=902_]“ o
 (a.38)

whire n = 1 at 0 < [4,P0,"] £ 0.02 mol L™ _
ox n = 0 at [HPO,] > 0.1 mol L' and k is the rate
constant. |

At controlled potential, the rate'of_reaction 4.33 was
‘found to be related to the presence, or contemporaneous
reduction of Ni* (reaction 4.32). No direct evidence
was found which suggested that tha phosphorus content
'of_ the Ni-P alloy was responsible for its enhanced
electrocatalytic activity when compared to pure Ni. The
~enhanced electrocatalytic activity was related to a .
favourable structure of the surface formed during the
deposition of the alloy. |

Los and Lasia {1992), extending the work of Lién, Kirke
and Thorpe (1991), have shown that amorphous Ni-B can
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‘have higher electrocatalytic activity than similar
crystalline materials = (This effect is complicated by
- surface _areal-effects;}'and' in the study by Los and
Lasia, the method of pruparation of the Ni-B alloys and
Ni~B/Ni alloys wés~'by powder pressing, Chemical
treatment of these materials was found to increase the
surface area exposed to solution as a result of
'sélective 'dissolutign, as well as to ezpcse active
sites or modify the surface to render it more active.)

Heat treatment of electroless Ni-P allcys has been
employed in order to medify the hardness of  the
deposit. High temperature was shown to affect the
stoicheiometry. and crystallinity of electroless Ni-P
deposits containing 3.2 - 12.5 w/o P (Randin et al.
1967, Randin and Hintermann 1968, Lin and Lai 1989). It
was confirmed that heating the deposit to temperatures
greater than 300°C resulted in the formation of
continnous Ni, and WNi,P. Randin and ”Hiﬁtermann
suggested that the as-produced deposit contained Ni,P
and Hi, the former phase accounting for almost all of
the P in the deposit. It was noted that the detection
lirmits 0f the analytical techniques were not low enough
to identify the'presence of a small concentration of
elemental phosphorus in the Ni matrix. Lin and Dal
showed that the as~deposited alloy was amorphous.

4.3 . ELECTROLESS COEPER

 Electroless copper plating has found considerable
application in the electronies indﬁstry, primarily in
the production of printed circuit boards. The technique
of “through-tha4holé“ plating allowed engineers to
manufacture cirduit'boards with tracks and_components'

on both sides, thus contributing to the diminishing
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‘size of electronic devices (McDonald 1984 .p. 440).
' 'Ea,::ly_- attempts at producing electrically conducting
plastics involved the coating of polymer powders with
electroless copper (Shorokhova and Kuz'min 1964) and
the use of electroless depusits as base layers for
electrodeposition of de_cora’c’:_ive metals (Krulik 1878).
Plating of plastics by electroless techniques has
become a popular method of producing relatively cheap.
decorative plumbing and automotive parts (Marcott and
Spatola 1520). o ' ' o

‘Whilst  research  regarding the  mechanism  of N
‘autocatalytic ¢ Jition of copper has progressed
c:dnsiderably, a significant segme'nt of the literature
on electroless copper plating deals  with Dbath
stabilization, acceleration of plating rates and fine
tuning of ‘the morphology of the deposit. To achieve the
desired effects, compounds not ordinarily required in
 the autocatalytic recipe have been added to the baths.
These compounds have thus become known as additives.
The effects of additives, and their modes of
interaction with the fundamental bath components and
plating surfaces has been well documented.

4.3.1 General and mec:han;i.st;i,c studies

Donahuie (1980) attempted to gquantify the kinetics of
electroless copper deposition by investigating the mass
Lrangport effects on the 'plati'ng rate. In the absence
- of forced convection, microconvection as a result of H,
bubble formation was found to be the mode of mass
transport of greatest import’ancé. Inhibitioxi of the
electroless process by the addition of 1ligands was
reported as a subsequent part in & series on the
kinetics of the electroless '(?opper plating (Donahue et
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al. 1982). Further work on the transport properties of
some electroless copper plating baths was published'by
Donahue and co-workers (Yiny. et al. 19881'_ In this
technical note the klnematlc viscosity and densities of
selected copper baths, as well as the dlffu31on
coefficients of & number of cupric 1on complexes, were
 determined.

Bindra and Tweedie (1983) described the copper (II)-EDTA
electroless system, employing formaldehyde as  the
reducing agent, as being a mixed potential catalytic
process with-interdependent half-reactions. Experiments'
were performed using_ an RDE and' varying  copper ion

" ceicentrations. The mixed (plating) potential was found o

to increase with both rotation rate and copper ion

concentration, and to decrease with a ‘higher
'concentration. of reduc1ng agent : These . resulté_
suggested a diffusion controlled cathodic half-reaction
' coupled with an activation  controlled  anodic
half-reaction. Subsequently, Bindra and Roldan (1987)
expanded on. this work, both expérimentally and by
theoretical assessment of the relationshlp between the
_m;xed potential and rotation rate of the RDE. The new
results showed that Tafel slopes of the half-reactions
in- the complete bath and in catholyte or anolyte only,
were significantly different. The inference is that
‘independence of the half-reactions, as suggested by the
original precépts of the mixed potential theory, was
not exhibited in the copper(II)/formaldehyde system.

Kinetio investigations of the copper(Ii)/formaldéhyde
system were performed by Schumacher, Pesek and Melroy
(1885) . These workers employed a closed loop control
system which automatically monitored and adjusted the
concentrations of hydroxide - iéomns, cupric ions and
formaldehyde in order to maintain them within specified
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1imit5; Dep051tzon rates were measured u51ng a quartz:
microbalance electrode {QME) . Under conditions where

the electroless deposmtlon of copper was controlled by
the rate of electron transfer (i,e. ‘where  mass
traﬁsport'of-copper'is not-limiting),-it was'found that
the reeetibn-ie first order in respecﬁ of'the methylene
giycelate anion and_zefo'order in_respadttof_the cupric
ion. (Methylene glycol (MG) is the dominant for's of
_ formaldehyde in a basic solution. Dissociation of w6 to
the methylene glycolate anion then occtirs.) Tam {1985) .
tentatlvely identified the ‘major peak on  a cyclic
voltammogram of a copper “bath (during the cathodic
scan) to MG and its Cu® adduct. The precise electron
trangfer process giving rise to this peak was _not
givéh.'GOtteefeld et al. (1986} speculated on the mode
-of elertro—dehydrogenatlon of an adsorbed, methylene

glycolate anion (Figure 4.5). These workers levelled
some criticism ega;nst” van den Meerakker's (198la)
treatment of HCHO oxidation on copper, claimiﬁg'that-an'
iﬁbotreet_.'expression for electrochemical H atom
iOnieaEion had been used in this work. -

HC-:; o; -. o
N "
7 \ 0\ /’- —  HeO%g

\ \\ \\ \ -\ \\e.\\ \ o .- 1’2H2(9)+H§+a'

Figure 4.5 Schematic representation of the
= - electro-dehydrogenation of an adsorbed
- methylene glycolate anion on a copper
surface during electroless coppir plating
(Gottesfeld et al. 1986)

Wiese ~ and 'Weil {1987a) employed a OME and an
eledtrochemical cell capable of fast solution transfers
in studies on autocatalytic copper deposition. No
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| evidence of direct electron transfer between reducing
agent.(HCHO) and metal ion (Cu™) was noted buf_the
half-reactions were found to be interdependent. A )
'parallel channel for thé'overall readtion-including-a
direct 'électran transfer was mentioned ~as being
possible, but most unlikely‘_Formaldehyde oxidation on
copper surfaces was found to be enhanced when
simultaneous copper ion reduction was taking place (and
not simply when cupric ions were1 present in the
: sdlution)._FormaldehYde was seen to generafe a catalyst
to enhance copper ion reduction. Electron transfer from
the surface to the metal ions was suggested to take
plade_via”catalysts chemisorbed on the copper sﬁriace,
e.g.;  the methylene glycolate anion. No evidence for
direct adsorption Df‘the.cOppet(II)-EDTAic0mplex to the
electrode was found. When other ligands are present in
solution, the possibility of _formation of mixed
complexes exists. These authors, however, showed that
reduction of copper{II} could take placé in a solution
where no mixed complexes existed, It was also observed
that the active, adsorbed species was capable of
} reducing mdre than bné'copper ion prior to desorption;

Similar results to those describéd above were reported
by Feldman and Melroy {1988). In situ gravimetric
measurements of copper  deposition = rates from
copper (I1)~EDTA  complex,  with formaldehyde - as
reductant, were made using a QME., The shapes of the
current-potential curves for both half-reactions were
shown to depend on the concentration of formaldehyde.
In particular, the rate of CGﬁper deposition was found
to be significantly enhanced even at low concentrations
of HCHO (15 mmol L). Catalysis of copper reduction in
the complete bath was evidenced by the significanﬁ'rate
of copper deposition at potentials as positive as -0.6
V vs. Ag/AgCl, an important point, because in an.



electroless plating bath, Cu** ions are stabilized'by_
'the_COmplexlng agents. The standard reduction potentlal ;
of the_cu(EDTA)*.cemplex ig approximately -1.05 V vs.

Ag/RgCl, and Feldman and Melroy noted that the foot of
the voltammetric wave of reduction of this complex -
began only at about -0.9 V vs. Ag/AgCl (in the absence
of formaldehyde) . Catalysis of *he reductian was'
clearly taking place- in the complete_ bath The
formatlon of a complex ¢f c:apper,r 'EDTA and formaldehyde

was suggested, but it was not certain whether this was
a surface or - solution species. Feldman and ‘Melroy'
tentatively suggested a mechanism involving —the’
~ adsorption, or formation, of the  above-mentioned
complex - on the surface, followed by a concerted
reaction in which copper was redUCed and. formaldehyde
_oxldlaed The result of El- Raghy and Abo-<Salama (1979)
"was acknowledged by these authors as contradictory to

theirn observation, and the apparent - mgchanistic

difference was: attributed to the relative ease of
_reductlon of the cmpper(II)mtartrate complex used by
the earlier researchers. '

Van den Meerakker and Scholtens (1989) followed the
deCDmp051tlon of formaldehyde in aqueous solution under
conditlons expected in an electroless copper bath. The
kinetics of two modes of HCHO decomp051tion,_namely the
Cannizzaro reaction (4,36) and aldol condensation
(4.37), were investigated. The 'former reaction was
found, experlmentally, to be- the decomp051tlon pathway
below  70° c, while hoth_reactlens occurred above this
temperature. -

| 2HCHO + OH" -> HCOO™ + CH,0H . (4.36)
2HCHO -~ H,COH'CHO (4.37)
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.Expanding on ‘earlier work (viz. Jusys and VaBkelis
1992a), Jusys and Vabkelis (1992b) wused cyclic
voltammetry = in conjunction with ¥CM$ for further
étudies'.of the copper - formaldehyde system. The
~electrochemical window - between formaidéHYde'
'ndedompositian to methanol (Cathodid) and CO, (anodic)
was determined. Hydrogen evolution from HCHO and H0
was determined as a function of pH, formaldehyde
¢ohcentrétidn,' temperature' and electrode pbtential,
B Catal?tic'dehydrogenation of fbrmaldehyde was observed
5:5t open circuit conditions, and the deuterium tracer
results were interpreted in terms of a two-stage
 catalytic dehydrogenation reaction starting Withl the
methyléne glycolate anion (this is formed as a result
of hydration of formaldehyde'in alkaline medium). '

Hung, Hung and Ohno (1989) described a formulation for
producing autocatalytic ;coppér~hiCkel 'allch. By
including Ni?* in the electroless bath, hypophosphite
- could be used to reduce both the Cu® and Ni**. The Ni
in thé depdsit allowed the process to continue, whereas .
on ‘pure copper the oxidation of H,PO,” would not be
catalysed. Hung and Chen (1989) found that addition of
boric acid to a copper (II) /H,PC,” bath {which contained
Ni*") assisted in the reduction of nickel(II), which in
turn catalysed the oxidation of hypophosphite. It was
found that only copper(II) complexes capable of forming
dimeric structures showed significant plating rate.

- Hung and Ohno (1990) presented polarisation curves for
. a_copper(II)/hypophOSPhite bath and concluded that the
 process followed the classical mixed potential theory.
These workers - considered the possibility of side
reactions or. the interdependence of partial processes
as - réasons' for discrepancies between polarisation
curves obtained in complete baths and baths lacking in
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 ' metal ions or reduc:Lng agent. It -was_'_ shown . tha_t_ the
bath composition required nickel or cobalt ions and
bBoric acid, in order to achieve -autocatalyfti'c - copper.
deposition using H,P0,” as reductant. This effect may be
c':'oi:ipared to the"-requirement of copper in'electroless
'_qold batus which use formaldehyde as reducing agent
(Molensar and Me_endern.nk 1885). A pH effect was noted_
by Hung and Ohno, comsistent with their proposed
mechanism which included, as a first step, attack of
i on surface-bound HP0, (Figure 4.6). o

- _ o
\Q/

/\ N
. Hy

Figure 4.6  The OF attack on surface bound HzPOz .
(Hung and Ohno- 1990). _
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Kondo et al. (1980, 1991) investigated the possibility
of using novel ligands to enhance the efficiency of
electroless copper baths. Triethanolamine (I'I‘E'A, Figure
4.7) was the ligand suggested as being most promising,
and adsorption kinetics of this ligand on the plating
surface were presented. |

An. acceleration of plating raté -at low concentrations
. of TER was noted (Figure '4,8). This phenomenon was
‘attributed to the adsorption of a monolayer of TEA
(TEA,) , followed by a monolayer of copper (II)-TEA on
the active surface. With excess TEA, the copper (II)-TEA



_ 1ayer'was cbveﬁéd by the"ligandy.stEricaLIY]hindering:-
the oxidation of formaldehyde at the surface (Figure

“CL\/_/"”
| | oo oH L
Figure 4.7 - Projection formula for triethanolamine.

= m‘.- Ligand {L}): .
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‘Figure 4.8 'Depeﬁdence.bf'copper deposition rate on

the concentration of triethanolamine and
- other ligands, at 60°C, Kondo et al.
7 {1990) . Bath composition: [Cu®*] 0.060 mol
L, [HCHO] 0.22 mul L™, [K,Fe(CN)¢] 20
pom, [2,2'-dipyridyl] 10 ppm, [Ligand]
variable, pH at 25°C = 12.8,
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TEA -
u{l)-TEADGu(y-TEA

C
Figure 4.9 Schematic adsorption of triethanolamine -
: (TEA} on a copper surface in an .
electroless plating bath (a). Adsorptlon
of a Cu®*-TEA monolayer (B), followed by
adsorption of TEA (C) when there is
excess ligand. This causes deactivation
- of the surface (Rondo et al. 1991}).

The model for ultimate suppression of the  deposition
‘rate in excess ligaﬁd proposed by Kondo et al. (1991)
involves three lavers of adsorbate. According to these
workers, the cdpper(II}—TEA. complex - is_' 1:1 in
copperXII):TEAo The stability constant for the 1:1
complex =~ {Culi(OH),) - is 10'"™' (Sillén and Martell
1971) . Thus, excess TEA is either in the solution bulk
or it is adsorbed to the Surface. Kondo and co-workers
agsumed that the free TEA adsorbed to the copper
surface in preference to the complex. It was
favourable, however, for the complex to adsorb over the
adsorbed TEA. This effectively immobilised the complex
near the interface. A further assumption made by Kondo
and co-workers was that the catalytic oxidation of
formaldehyde could only progress when this spec;es was'
able to react at naked  copper. Tharefore, in wvast
excess of TEA, where surface coverage is complete, or
~at best very high, formaldehyde can not act as a
reducing agent.  Furthermore, coverage of  the
copper (IT)-TEA complex by excess TEA is also
conceivable. This surface condition, together with the
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dfamatic surface coverage - by TEA, inectivated the
copper metal as a catalyst for deposition. Kondo and
co~workers investigated a number of 'cﬁhe:_ ligands,
namely o _ - _ .
triisopropanalamine_ _(TiEA}, nitrilbtriacetic acid
(NTA), - | |
'AbN}N',N’—tetrakls(2—hydroxyethyl}ethylenediamine

(HEA) ,
thuN*,N'-tetrakis{2~hydroxypropyl)ethylenediammne

{HPA) , and_ethylenediamlnetetraacet1c acid (EDTA). EDTA
'andimA are more hyaraphilic than the other ligands,
‘and as such they do not adsorb te the metal surface as
strongly as the.other_ligands. It was for this reason
that the acceleration effect noted with the other
ligands (to a gréater or lesser degree) was not
observed with NTA and EDTA. In a subsequent publication
{kondo et al. 1992}, the kinetias of adsorptlon of
various ligands to a copper surface was described in
detail. It was shown that the geometric structure of
the complex, i.e. tetrahedral in the case of
copper (II)~TEA and octahedral ' in the .case of
copper (II)-HEA, has a large influence on the likelihood
of adsorption of the complex to already -adgorbad free
ligand.

‘Kondo and co-workers (1993a, 1993b) investigated the
effects of potassium  hexacyanoferrate(II)  and
2,2 ~dipyridyl on a coppr-(Il)-TEA bath. The former
compound was found to improve the surface morphology of
the .depQSit, while preventing decomposition of the
bath. 2,2 -dipyridyl, too, was found to contribute to a
smoother deposit, and it was prbposed that this
compound adsorbs over adsorbed copper (II)~TEA, while in
an EDTA bath the 2,2-dipyridyl adsorbs on the naked
copper  surface. These workers also  identified
synergistic effects of these additives on the plating
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rate and dep051t quality (Kondo et al. 1993¢) by virtue
of different adsorpt:.on characterlstics

| Bittner, Wanmer and Weil (1992)'used FTIR, SERS and a
OME as analytieal tools in a study'of the role of the
mlcrostructure of copper deposlts durlng electroless'
plating in formaldehyde baths. Innovatlve design  of
'electrochamical cells allowed the OME to be uéed_

B simultaneously with one or other of the spectroscopic

techniques. A correlation was noted between surface
roughness and catalytic activity A synergistic
feedback process  was sugges ted whereby the copper
depqsition brought_ about by formaldehyde _OdeatiDn
odcuried in such a way as to produce a surface suitable
for formaldehyde oxidation.  Further evidence of
iriterde_pendence was thus foﬁnd,_' emphasising the
importance  of in situ studies of - autocatalytic
deposition processes. The influence of addltlves on the

microgtruature was investigated. |

Mechanlcal properties (tensile strength, corystallite
size) of electxaless copper deposits were determlned in
conjunctxon with kinetic 1nvest1gations _ of “the
autocatalytic process {Matsucka, Mural and Iwakura
1992)., A QME, as well as a.c. impedance techniques were
used in this study, and a number of observations were

‘made regarding the cholce of base (of KOH, NaOH and
Li0H, the lattér was found to give the deposit with the
best mechanical properties). The_tensile strength of
the deposit was evaluated as a Ffunction of preferred
crystallographic orientation and corystallite size. It
was suggested that addition of polyethylene _glycdl
(PEG) and LiOH prevented the interaction of the partial
processes, giving rise to ﬂeposits with'bettér phySical
properties. Matsuoka and co-workers proposed that the
PEG diminished the extent of adsorption of the
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”-methylehe7 glycolate' aniqn.'_CryStallite -elengation
occurred as a tonsequence of the diminished adsorption.

4.3.2”-. The effects and action of additives to
copper baths |

'The effect of crganlc addltlves as accelerators and
stabilizers 1n electroless copper: ‘baths has been
investigated = {Schoenberg 1972, 1973) . The additive
7~iodo~ —hydroxyqulnollne 5—sulphcnic aC1d (HIQSA),

SOgzH

was found to accelerate deposition at intermediate
concentrations and to suppress the depQSlthn reaction
at high concenuratlon {Figure 4,10).
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 Figure 4.10 Change in plating rate (relative to a

. N © bath contalning a given amount of HIQSA}
as a function of [HIQSA]. Bath
composition: Cuso,.5H0 0.02 mol L%,
Na,EDTA.2H,0 0.1 mb1 1™, HCHO 0,4 mol L™,
[HIQSA] variable; pH 12.8, ~25°C. Redrawn
from SChoenberg (1872).

The adsurption of various quinoline sulphonic acids on
catalytic surfaces, in ccnjunctiori with c¢helation by .
these species of cCu* ions, was shown to be a

 phenomenon which could be -exploited in electroless

copper bath formulation where formaldehyde was'emplqyed_
as the reducing agent (Figure 4.11).
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catalytic surface

Figure 4.11 Adsorption of HIQSA to a copper surface,
' : and chelation of aqueous copper complex
{Schoenberyg 1972)., _

Siegel and Hanneménn (1981) and Hannemann and Siegel
(1982) patented a method of contrélling copper
deposition rates by the addition of both. HIQSA. and
- 8-hydroxyquinoline sulphonlc acid tHQSA)

- 80akH

Paunovic and Arndt (1983) used cyclic voltammetry and
"gravimetric plating rate determinations to define the
effect of additives (adenine, guanine, saccharin and
cgoumarin) on the kinstics of the partial processes in
an electroless . copper' bath. The effect of these
additives on the  anodic dissoiution of Cu in the
absence of HCHD was also followed. Results' were
rationélised_by considering the effect of delocalized:

n-electrons on the adsorption properties of the
additives, and thelr effect on the  metal solution
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ihterphase. Duffy, Pearson_-'and Paunovic  (1983),
investigating _autdcatal?tic copper . deposition,
. considered the influence of pH on the metal solution
interphase conditions during electroless - copper
plating. Adsorption, potential of = zero charge,
structure of the double 1ayer, structure of the Gbppér
'_specles in solution and ionic strength of the solution
were affected by the pH, and these factors, in turn,
influenced the rate of metal deposition. ' '

‘Hung  (1985) published a study on the effects of

thicurea ~and  guanidine  hydrochloride = (GH) = on
‘electroless copper plating. In this work, the effect of
the additives was examined in order to determine the
reasons for bath stabilization with Canomitant plating
rate reduction. Thiourea was shown to stabilize the
‘bath by virtue of a stronger chelation effect with Cu*
~ than with cu? » and reduced. the plating rate (when in -
high concentratman} by adsorptlon on to the catalytic
surface, as a catalyst poison (Figure 4.12), Cu' was
implicated as being a key species responsible for bath
decomposition;.ﬁ plating‘rate enhancement was seen with
low concentrations of GH, and this phenomenon was

attributed to the effect of delocalized m~electrons as
described by Paunovic and Arndt (1983). In a Subsequent'
paper, Hung (1986) used Auger electron spectroscopy,
scanning electron nicroscopy and the'construction of
polarisation curves {potential vs. log(current) pldts)
to investigate further the effects o©of GH. The rate
enhancement at low concentrations was attributed to a
roughened morphology of the copper plate in the
- présence of this additive. It was also noted that the
plating potential was shifted to a more cathodic value
in the presence of GH, sud it was stated that this
implied that GH caused the oxidation of formaldehyde to
pcruir more readily.
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A microdensitometric technique and weight gain method
 was used by Piatti and Podesta (1988) to observe the
 stabilizing effects of a number of additives to an
electroless copper bath. Among the  additives
investigated we_re_-zf-mercaptobenzo'_thiazole_ {(2MBT} and

| potas-eimu cyanide. The latter compound was found to
"have the following effects: ' o |
(a) reduction of aval..‘able act:l.ve sites by adsorpt:!.on

on the plat:.ng surface; _ ' i
© (b) enhancement of t:he platlng rate as a consequence of

J.nteracts.on of the delocalized n-electrons of.
‘additive with the platlng surface; .

{c) in tommon with CN‘ OMBT has a stronger c:omplexing
: 'abllity with Cu' than with Cu™. Thus the formation
| - of Cuzo was prevented in the presence. of these.

li_gands. This species disproportionated in the
presence of water to :ff.orm'Cu and Cu®. The pre‘sence
of finely dispersed elemental copper 'res_ulted in
the elet:treles'e prdcess taking place in  the
solution bulk and not only on the substrate, which
ied to bath decomposition. :

Van den Meerakker (1989) was able to show that the
addition of a polyoxyethylene compound, HO(C,H,0),H (n =
13 to n = 500), te an electrocless copper bath could
result in a ductile yet dense deposit. The additive was
incorporated into the deposit. It was proposed that: the
presence of the additive compound resulted in a shift
of the platz.ng potent:l.al to a more negat:l.ve value, and,
consequently, the J.ncorporat_a.on - of Ihygirogen was
diminished. This resulted in a less brittle deposit.
The discovery that a cathodic shift of the plating
:potenta.al resulted in less hydrogen J.ncorporatmn was
reconciled by considering the treatment of surface
- coverage of hydrogen on copper as given by Gattesfeld.
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et al. {1986), These 'workers'ireaSSESSed van den
Meerakker's (198la) treatmert of the kinetics of
recombination of adsorbed hydrogen, and showed that on
. copper the surface coverage of atomic hydrogen did -
indeed decrease with potential. shifts in the cathodic
direction, ) | |
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Figuré'4;12 “The &ffect o:_guanidiﬁe bydrochloride
_ ' concentration on plating rate in an
electroless copper plating bath {Hung
. 1985) . _ _ o _

- Junginger '11998) found that significant  bath
stabilization was achieved when air or oxygen was
bﬁbbled_ through ah electroless copper plating bath.
While additives, particularly ligands for copper (I},
were also investigated as stabilizers in ‘this work,
Junginger proposed that Qz'oxidises 'metallic -copper'

nuclei responsible for nodule formation and ‘hath .
 decomposition. ' ' R -



The works ca.ted 1n the prav:.ous paragraphs have almostﬁ_--- o
‘always . attrlbuted ‘the  spontaneous decomposition of = -
electroless copper baths to the formation of Cu,0.

__ Baumgartner {(198%) attempted to break away from the

_'_cpm:'man' practice of introduction of addit:wes to _

~ counteract _'_t'he decomposition problem,' by slow,
controlled add:.tion of HCHO to a copper plating. bath.

| ‘He showed. that the capper deposit so produced: was more

dense, of higher purity and . lower electmcal_

‘resistivity than those produced by baths with -

.acidltives. It must be noted, however, that .this work

‘was . done only 'Qn- very small scalé' appa'ratu's‘_'.__

._Baumgartner 5 CEESCrlptlon of the _ actlon of CN' on
electraless Cu deposition was in agreement with the -
interpretation of Piatti and Podestd (1989). This:

"stabilizing agent gave a Cu depos:.t of highe:r: purity
- than found wn,th other additlves. . o -
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CHAPTER 5 INSTRUMENTATION AND PROCEDURES

5.1 APPARATUS or THE Qummz MICROBALANCE
ELECTRODE |

'5;1¢1-' 'Tha'quartz miérobaléﬁca

- A block dlagrmm of the electrochemlcal and electronlc
equlpment is given in Figure 5 1.

a4 — T =2t
o _I_ — Oscillator 75 | | Potentiostat
Electrochemical = | IeY | D |
' Cell e .
Computer. -

Figure 5.1  Block diagram of QME apparatus. WE, RE,
' : CE are working, reference and counter
electrodes respectively, D = _
analogue/digital interface, G = IEEE GPIB
488 interface, 8 = oscillator signal and

XSTAL = 5 MHz AT-cut cuartz crystal.

The quartz wafers used were planar, AT-cut blanks of
13.7 mm diameter lapped by the manufacturer (STC
Components) to resbnate at approximately 5.00 MHz. On .
‘the face of the wafer to be exposed to solution (front
- face), an electrode was formed by | suécessively-
evaporating layers of chromium, palladium and gold (the
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latter being 80 to 100 nm thick). in_thé'Cthentiopﬁl'
”eryhOIe" pattern as shown in Figure-5.2, Chromium was
présent to improve adhesian of electrode material and
palladium to prevent diffusion of chromium to the
currentfcarrying; electrochemically  active  gold
surféce. On the reverse face of the crystal, a qbld
electrode -about 100 nm thick, was ‘used without
under-layers. The piezoelectric area was de_termined by -
the rear electrode diameter (5.5 mm), which was smaller
_.thah the front electrode diameter {6:6'ﬁmf;-The surface
area of the WE was. 0. 404 cn®, as part of the connecting
tab on the front face of the crystal was also ~exposed
to solutlon

2.0mrm

_ i 1_3.‘? mi
-~ [68mm § -
5.5 mm

Figure 5.2 Electrode pattern on quartz crystal _
wafers. The shaded area shows the working
electrode (plan view not to scale) .

A modified version (Figure 5.3) of the Pierce-Miller
oseillator used by Weil and co-workers (Benje ét al.
1986) was -buiit' in-house and powered by a Philips
PE1535 stabilised power Supply; FréQuency measurements
were carried out by a Keithley 775A counter/timer. Data
were logged using a Philips P3105 personal computer,
via a General Purpose Interface Bus { c:ional
Instruments PC2A). The waveform of .the ost .lating
crystal was = monitored |using a Philips DPM3226
oscilloscope. ' .
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' Figure 5.3 _Modified Pierce-Miller oscillator
' circuit. :

5.1.2 Electrochemistry

Electrochemistry was carried out in a Metrohm
water-jacketed Pyrex cell (maximum capacity 100 ml),
thermostatted by a MGW/Lauda RC3 circulator. This unit
‘was capable of maintaining temperature to #0.1°C. AlL .
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electrodes and  the 'gas sparge (glass frit} were
designed to fit the Metrohm cell top. A Mintek-designed |
potentiostat with a grounded working electrode (WE),
built in house, was used. Two 10 mH inductors were
conngcted in series with the werking electrode and
reference electrode (RE) . The WE current was monitored
by a 12-bit anslogue/digital card (IBM~DACA) fitted to
the computer. The cdunter slectrode (CE) used depended.
on the experimental context. Reference to the counter
slectrodes is made in the - Experimental Procedures
section. In every case, the counter electrode was
parallel to and about 1.5 cm away from the WE. The
reference - electrode (RE) was a Metrohm saturated
calomel - electrode (SCE) fitted with a Luggin tip,
situated about 0.5 cm from the WE. The Luggin tip was
filled with 1 mol L™ KCl solution unless otherwise
specified, All electrode potentials quoted in this
Chapter, and in those dealing with the results of the
expérimentation-(Chapters 6, 7 and 8), are relative to
the SCE. A Metrohm E549 magnetic stifrer and stand
supporfted the cell. Constant, moderate stirring was
used throughout all experiments. '

A list of chemicals used in this work is given in
Appendix T. - o

Glassware was cleaned before use with a detergent
solution and ethanolic sodium hydroxide, or in a
mixture of equal proportions of concentrated sulphuric
acid and nitric acid. For the preparation of solutions
and rinsing of glassware, watex from a Buchi Fontvapor
285 distillation column coupled to a Millipore Milli-Q
- unit was used. The resistivity of this water was 12 -

15 MO om™.
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. 5.1.3 Camputei_"r.s'dftwétr:é.

Computer ' software was written in either GW-BASIC
{program in BAppendix IIa). or in IBM Compiled BASIC
(program in Appendix_ Iib) and run using the IBM
Cémp’iled_ BASIC software (version 2.00}. Device dr:.vers_
"for ‘the interface cards were the manufacturers’
prbprietary software as supplied. 'T_hese' programmes
allowed the usér to control the frequency counter front
panel, and to set up and run experiments using the QME.
The experiments could be designed such that Frequency,
electrode. potential and current could be monitored for
& selected duration or until the electrode potential
_reached a. ..hcasen value. The pragram in Appendix IIb
incorpcrates a routine whereby the abﬁve—mantmned data
are plotted versus time on the graphics monitor,
_ dlrectly after: having been saved to disk. ’I’his allowed
.an immeda.ai.e assessment af the exper:l.ment results. _

It was alsa pass:.ble to calibrate the analogue/digital'
conversion by attach:l.ng a dumny c¢ell to the
patentiastat leads as shown in E‘:Lgure 5.4. A known
potential was applied to the A/D converter. One hundred
readings were taken at each of ten such potentmals‘
Each set of che hundred readings was averaged, a least
squares stralght line was fitted to the resulting ten
 data points, and the slope and intercept were used to
calculate potentialy read by the card during actual
data collection. Thj.s-prodedﬁre was performed prior to -
- each set of experiments, | '
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RE

Figure 5.4  Dummy cell resistor network. RE =
' reference electrode, CE = counter
glectrode, WE = working electrode.

5.2 QUARTZ MICROBALANCE ELECIRODE SREPARATION

Blank crystals were cleaned in a mixture of sulphuric
and nitric acids, rinsed sﬁccessively. in water and
acetone, and dried. Using adhesive tape (3M "Magic
Tape") or -adhesive vinyl (Grafitackr as masking
material, the blanks were attached to Perspex sheets in
batches of 6 or B at a tlme._Gold coating of the rear
faces of the crystals was done before coating the
front, working face. After masking the front faces of
 the crystals, the plastic mount was affized to .a motor
driven turntable in a Balzers ultrahigh vacuum coating
unit., Two tungsten koats (coiled wire) held chromium
‘and palladium pellets which would evaporate to coat the
¢rystals. Prior to coating, “he system was out-gassed
for at least 24 hours. At the time of commencing metal
evaporation the przssure was approximately 4 x 10
mbar. The thickness of the electrode under-layers was'
estlmated to be in the range 10~-30 1m.

Gold.coating of reverse and current carrying electrodes
Was performed-in a Polaron scanning electron microscopy
coating unit. Copper leads were attached to the crystal



electrodes with Silver"epoxy ’adhesive' (Demetron).'e
Co—axlal cable (30 em) from the cscillator was soldered'_
to these leads. ' '

5.3 QUARTZ MICROBALANCE BLECTRODE HOLDERS

Three_difﬁerent_nolders_were used during the course of
thisework,fThese'Teflcn-helders were designed and built -
according to the cross section diagrams in Figure 5.5,
1 Figure 5.6 and thure 5. 7 All of the holders used were
designed to fit into 50 or 100 mL Metrohm cells, and to-

'allew for convenlent replacement of the cryetal The

‘holder shown in Figure 5.7 was the most cnmpact and the
easieet to use of the three. '

Silicone gaskets. (Blue RTV Gasket Makex, Locktite
Corp.) were made to seal the crystal. These proved to
‘be better than commercial "Viton" or similar o-rings
becaﬁse'of their eofter;_more Yielding texture.

Phetographs of the quartz microbalance electrode helder
‘assembly are shown in Flgure 5.8,
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Figure 5.5

"OME holder 1. T = glass tube, 0 = o-ring,

G = silicone gasket, C = crystal, W =
washer, N = nut, B; B' = Teflon body

parts.
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. Figure 5.6 'QME hoider 2.'T = Tefldn body, 0 =
' ' - o-ring, 5 = silicone gasket, C = crystal,
W = washer, N = Perspex nut, G = glass

‘tube, P = sealing plug.
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' (Glass thread: ACE #7, ACE Glass)

Figure 5.7  OME holder 3. G = glass tube, O = o-ring,
: : = silicone gasket, C = crystal, U =
Teflon cup, W = Teflon washer. '
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Figure 5.8  Photographs of the QME holder (holder 3,
: ' Figure 5.7) and the assembly of the = -
elect_rochemical cell top.



136 .

5.4 GLASSY cnnaaﬂ-nnncmkonms AND HoLDERs'

Glassy carbon discs of 12 mm dlameter were aut from a 2

mn thick sheet (Sigridur "G", Sigri). Copper wire was

attached to the rear face with conducting silver epoxy
{Demetron) . The wire was fed through the holder-(Figure
5.9) and the discs were sealed to the_glass_by'means of
silicone gasket maker (Blue RTV Gasket Maker, Locktite
- 06rp.);'Thé amount of adhesive used was minimal, so
that removal of the disc was possible after use. The
'working face of the discs was prepared by polishing to
S a matt finish on 600 grit water paper ( Leco ) followed

by ultrasnnlcatlon in pure water foxr 30 s.

FRONT VIEW | ~ SIDE VIEW
| ~—g f,,,kf’ |

aaHOTOGRAEH

Figure 5.9  Glassy Larbon electrode holder. G = glass
. . elbow, D = G.C. disc, 8 = gilicone '
adhesive, W = multi~-strand copper wire,
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5.5 ELECTROLESS PLATING BATH FORMULATIONS

5.5.1  TLow temperature electroless nickel

‘Two . bath formulations, almost identical to those
proposed by Feldstein (1970) were studied. There
compositions are. given in Table 5.1, . '

~Table 5.1 Bath formulétibns_(figures_areﬂconcentrations
in mol LY. - |

Reagent ‘Bath 1 | Bath 2
IN1,50, . 68,0 T | G.095 | 0.095
Na,P,0,,10H,0 - - 0.110 | 0.110
M, (topH 10.8) | ~0.34 | ~0.34
NaHPO,.H,O . | o.280 =
jcu,) NH.BH, * = | === | 0.051
KCl ™ | | 1,00 | 1,00

-

Dimethylamine borane (DMAB)
- supporting electrolyte

i

The compositions of - the two baths differ only in
 respect of the reducing agent. Potassium chloride, a
component not part of the original formulation, serves
" as a supporting electrolyte and reduces - ahy
uncompensated solution resistance. It has bsen found
that XKC1 has minimal effect on the plating rate of the
hypophosphite-reduced bath (Orchard 1988b). As a
consequence of the presence of a .supporting
electrolyte, the exact positioningfof_the Luggin tip
was not critical.
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Two stock solutions were . prepated at double . the
concentrations requlred fer .the final baths,'softhate
when equal volumes . wWere . comb;ned, _-the."_te:rect-
"'cencen.trat'iohs were - attained. S‘teck solution A"
contained the nickel ions (Ni%) & complex1ng agents
whlle solution "B* contained the reeucxng agent (R. A.)
“and the supporting electrolyte. Fresh solutions were
- prepared for each experiment, -

' 5.5.2 - Hiéh ﬂemperetuze electroless nickel

This work was done in-_collaboration with Douglas
Mughogho (1993). A nickel bath (Bath 3) operatiny at
acidic PH (4.6) and high temperature (85 % 1°C) was
used for QME studles and <the halfwreactlon current
dene:Lty c:urves “thus. obtalned were compared to those
obtalned u81ng a RDE.

Table 5.2 High temperature electrn. 8s nlckel platlng
' bath (Bath 3). Concentrations are in mol L™
- unless otherwise specified.

Reagent - conceﬁtration
INi,80,.6H,0 ] S 0.0871
INaH, PO, .H,0 B ©0.189
NaC,H,0, {sodium acetate) = -1 0.0207
Pb (C,H0,),:3H,0 (lead acetate) @ -~ | 15 ppm
KCl - S o 1
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5.5.3 Copper - 'triethanbiéﬁihe bath

Table 5.3 glves the comp051tlon of the _copper. bath used
to  study the effect  of triethanolamlne ] (TEa,
triethyl-2,2, 2-trihydroxyamine) on the ratg 0f'copper
deposltisn, and for -electrochemical studies. The
concentration of TEA was varied from approximately
0.06 mol L to approximately 0.60 mol L“ - this bath
(Bath 4) was used at 60° C. '

-Table 5.3 Composition for Copper - Trlethanolamlne
bath, Bath 4 {concentrations in mol L
unless otherwise specified). :

Reagent Concentration
CuSO,.SHz : ' - 0.060
[HCBO (added as 35% solutlon) - - 0.220
K,Fe (CN),.3H,0 {35 ppm
2,2' = Dlpyrldyl : _ ' {4 10 ppm
IEA | 1 0.060 -~ 0,600
. jNaOH £ pH 12,5 at 25°C I .

5.5.4 Copper bath with hydroxgquxnol;ne
sulphonic acid additives

A copper bath with cdmpositiqn similar to one used by
Schoenberg (1972) was used in the determination of the
effect of two additives, | : : _
8~-hydroxy-7-1lodo- 5~quinollnesulphon1c acid (HIQSA), and
a*hydroxyquino11ne~5~sulphonlc acid (HQSA) .

The additives were used separately in the wvarious
experiments. Bath composition is given in Table 5.4.
Concentrations of the addi'.ves are given in mg L™ in
keeplng with the quantity calculus used in Schoenoerg s
work. This bath (Bath 5} was used at 30°C.
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‘Table 5.4 Composition'of'electroless coyper bath
o (Bath 5) using HIQSA ox HQSA as additive.
Concentrations in mol L unless otherwlse-

specified.
Reagent S ~ Concentration
- [Euse,.Bmpo 0,020
- [Na,EDTA" _ T —0.100
[ACHO {added as _ "0.400
araformaldehyde) o R
HIQSA i ' o0 Wy L
. |HQSA . 1 0~ 420 mgﬁL.“_'
- NalH to_pH 12 3 at 25°C

*. ethylenedlamlnatatraacetic acid, dlsodium salt

5.6 MISCELLANEOUS SOLUTIONS

F.6.1 capper plating aolutian for calibration of
the QME and atr:i.pping of copper denpaaits

For purﬁoses of assessment of the accuracy and
precision  of the OME, and for removal of copper
deposits from the microbalance alectrode, a copper
sulphate solution consisting CuS0,.5H,0 (0.16 mel L)
and H,80, (0.020 mol L") was used. In some cases the
copper sulphate concentration was 0.721 mol L, with
the H,50, concentration of 0.036 mol L™, -
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5.6.2  Stripping solution

- A solution for the stripping'of plated nickel from the
OME - consisted of Na,80, (0,10 mol L) and HS0,
10.20 mol LY. o o

5.6.3 'P;Latirig bath 'mdifi_cations for low
. temperatire nickel baths

As reqﬁirad. by the particular experiment, substitutes
for the usual solutiohs of "A" or "B" were prepared. As
a substitute for Ni?*, solution A (modified) contained
0,095 mol L zinc sulphate (ZnSO, .7H,0) instead of
'mickel sulphate (NiS0,.H,0). Where reducing agent was
required to he omitted from the bath, a KCl solution
(1.00 mol L*) was used instead of Solvution "B",

5.6.4 Sodimm acetate solution
Sodium acetate solution (1.2 mol L™} was prepared for
addition to low temperaturs nickel plating baths.

5.6.5 Concentrated _aodium hypophosphite SQlution |

Sodium hypophosphite (2.84 mol L) was prepared for
addition to Bath 2, ' _
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5.6.6 Capper platang.solatzan for use as
substrate in Bath 1

An electroless copper plating ‘bath was prepared to
produce a copper substrate for study in Bath i. This -
bath followed the composition presented by Kondo et al.
(1991).  The  bath  consisted  of - CuS0,.5H0
(0.060 mol L),  HCHO  (0.22 mol L?),  added as
paraformaldehyde, EDIA (disodium salt) (0.080 mol L)
and NaOH to pH 12.5. This bath wae used at 60°C,
Initiation of electreless copper platlng on the gold
~electrodes was spontaneous, and 3 minutes plating
produced a coherent pink deposmt. '

5.6.7 Palladium chloride solution

A solution of PACl, (1.41 x 107 mol 1™!) and HCL (2.5 mL
L) was applied to the electrode of a crystal which
had previously been coated with copper (Section 5.6.6
above). Three to four applications were made, keeping
the solution from the non-metallized area of the
crystal. | '

5.6.8 Solut;on for electrolyt:u daposition of
Ri~P allay '

_hn alloy of nickel snd phosphorns was produced using
the solution given in Table 5,5. This plating solution
was originally used by Cargill (1879) and later by
Benje et al (1988). ' '
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- Table 5.5 Composition of plat:.ng bath for
' -electrodeposition of Ni-P alloy. The bath
aperated at 70°C at a current density of 20
. mA cm”®, Concentrations in mol L™ unless
otherwise specmfzed.

Reagent - Concentration
[NiSQ,,BH,0 - 0.857
wNicl,. B0 . 0.300 . .
H,PO, (25%) 18.0 g L
[HEO, (85%) .58.3 g 1L
NiC03.2N1 IOH)Q 4H2 - 0.131

5.7 EXPERIMENTAL PROCEDURES

. 5,7.1 Calibration of the hx‘uartz microbalance
| electrode ‘ '

To wverify that the constructed OME was respondmg
satisfactorily to mass changes, the following procedure
was followed. The copper plating solution (section
5.6.1) with a plating efficiency known to be verv close
to 100% was used as an electrolyte, with a copper CE
{20 x 25 mm}. The cell top with electrddes was attached
to the cell and the solution stirred at a constant:
rate. Resistor Rl and capacitor C7 (Figure 5.3) were
adjusted to tune the circult to obtain the optimum
waveform on the oscllloscope., By running the computer
program, the frequency counter was set up with the
required gate time and trigger level. These were
typically 1.0 s and +0.1 ¥ respect...vely. In addition,
the counter was set to trigger on the downward side of
the signal wave (this was done because this side of the
signal appeared to be more sinusoidal). Alternating
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_c:urrent'_ (a.d.) coupling was used throughout. By .
electrolytically plating copper on fto the QME at &
known current for a set period of time, an 'expected
mass change could be calculated. The quotients of the
measured 'freqtiency' changes, AL, divided by the mass
changes expected using Faraday's law, provided the
experiméntai ratios. These ratios were determined for
a number of expected mass values and compared to the
theoretical ratio for a 5.00 MHz crystal, using the
firs_i;»-read frequency as I, in the caleulatilon. |

5.7.2 Dat_eminatiph' of rates of electroless
deposition

Steady State_deposit-ipn rates of electroless p'_lating
_baths were determined by monitoring the frequency of
_the QME for ai_'x"appropriate time period. Solutions were
thermosiatted and moderately stir.ced. In most cases,
measurements were taken for 200 s, after allowing at
least 120 s for a steady state condition to be reached.
Since ‘these measurements were made without the
application of a potential, no counter elactrode was
used. The computer program monitored the electrode
potential as well as frequency during plating, sc_:' the
reference electrode was present for these measurements.

5.7.3 Stripping nickel alloys £rom the OME

Large amounts of deposited material are deleterious to
“the operatic‘an_ of the QME, This was revealed Ly the
distorted waveform seen on the oscilloscope (the
extreme case was a total failure of thu system to
oscillate). In addition to this, lateral growth of the
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working  electrode " was observed, changing the
eleétrochemically active area; To avoid the obvious
_ probleﬁs 'resulting__from__either of these situvations,
periodic stripping of the deposit was required. This
was achleved by placing the WE in the stripping
' solution and sweeping the potential anqdicaily from a _
value of -200 mV to +200 mV at a rate of 5 mV s, If,
at the end of this sweep, a clean gold surface was not
observed, the potential was held at the final value of
+200 mV until this criterion was met.

5.7.4 - Derivation of the half-~reaction current
- densities in the complete low temperature
nickel Loths

A freah,. complete bath, was prepared from stock
solutions. This was thermostatted to the required
temperature. The QME was assembled as in Section 5.7.1,
ﬁsing ‘the  nickel CE - (coiled wire, surface area
~7.6 cm’) . | |

In order to imitiate nickel plating over the gold
electrode, a potential of ~1.00V _was briefly applied
to the QME. A subsequent open clrcuit potential of
about -0.84 V {hypophosphite Bath) or -1.02 v (DMAB
bath) was evidence of successful initiation..

Prior to the commencement of readings, the potential of
the WE was stepped to the required value. After
allowing the interfacial conditions at the WE t¢ reach
a steady state (a period of time less than 60 s), the
computer was activated to read the electrode current
and resonance frequency. By visually monitoring the
current and frequency change on the computer mmnitbr,
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it was possible to 'détermi'ne'whethel or not a steady _
current and constant rate of ‘mass change was being
exhlb;l.ted.. In this  type Qf axperlment, these two
criteria were required to bsz met. Data collection
continued f_or 4 periéd of 60 to 200 S, E‘_ré.quezicy_
deviations frors the initial reading were converted to
mass .c’_:h':ange.s per unit area, 'usi'ng' the Sauerbrey
equation (3.1). The value used for £, was the Ffirst
. Erequency value of'-_the data set. For each experiment,
+* ~ee data files were saved. The first contained the
w.orent values corresponding. to the time of reading
(i.e., time From start of data logging). The second
contained the frequencies and cumulative mass changes
per unit area, and the th:.rd contaz.ned the measured
electrode potential

- 'w_ere' manipulated after the completed experiment,
. to produce ‘the 'current .densities_. The cell current:
measured at the WE was divided by the working electrode
area to obtain the net current density, JF,.. In order
to obtain the cathodic current densi’ty,- J.r the rate of
mass change per unit area, R, was calculated from the
mass 'change/time data ‘using the linegar least Squares_
method. Then, following the relationship of rate of an
glactrode reaction to charge flux given in REquation
2.8, the cathodic current density corresponding to R,
can be determined. The basis of the calculation is
~given in Appendix III. |

For the H,P0, reduced bath, 1 HPO/ is the product of
hypophosphite oxidation, for a comp'osition of 95.8 atom
% Ni, 4.2 atom % P, then 1 mg cm™® hr* corresponded to
J. = - ~0.983 mA cm® (Orchard 1988b). The alloy
couwposition may vary slightly with small changes in.
congent.ations and plating temperature, but the quoted
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06DVe£sion factor was . used for all calculations
involving the Ni-P alloy from Bath 1. RS

gimilarly, for the DMAB reduced bath, the composition
of the nickel - boron alloy was taken as 99.5% Ni, 0.5%
B (Feldstein 1970). Assuming elemental boron in the
alloy and two- and three electrdn_réductions'for-nickel
and boroﬁ_respectively, 1 mg_dm?_hr”‘ 'correSponded to
j. =  ~0.946 mA om®, the negative sign of j,
indicating & cathodic process. '

Equatlon 2.30 was used to ralculate the anodlc current

density, Jj,. This is a l¢Wer limlt for the anodic

current density since hydrogen evolution and any other'
possible reduction side-reactions were not taken into
account, ' '

'By plotting potential as the abscissa and current
density as the ordinate,'with j“t} j. and j, on the same
set of axes, the anodic and cathodic current-potential
_reiationships were - generated. The mixed _poténtial
{plating potential) of the electroless process is
theoretically the value of the abscissa where j,, = 0.

5.7.5  Derivation of the current density -
patent1a1 ralatlonshlps foxr nlckel baths
of different composition

Apart from the altered c¢omposition of the'baths, the
procedure differed from the above only in respect of
the method - of electrode gre—treatment._ When the
modification to the bath was such that there was 1o
metal deposition taking place, but only the anodic
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process(es),: it_'ﬁas  necessary to .proﬁide an :initial
- electroless nickel filit over the gold (ME, A compléte
‘plating bath was used For this purpose. The QOME was
allowad to'plate_'elet:trolessly in the complete bath
until a uniform deposit formed. The electrode assembly
was briefly rinsed in pure water and transférred to the
modified bath without delay. Measurements were then
carried out as previously described. S

" When the'modification was the removal of the reducing
_ égént,_én initia1 eiectrclytic layer was formed in situ
prior to the first set of readings, - Since  an
electrolytic nickel f£ilm was formed and continuously
. renewed throughout the experiment, there was no need to
praplate'the-élebtrode'with an electroless film.

5.7.6  Derivation of the half-reaction curxent
densities on various surfaces in nickel
baths

. In this series of e_i:perim_en’ts, the objective was to
determine the influence of the initial surface
condition on the rates of the anodic and cathodic
partial 'processes. Bath '1 ‘was used both to prpduce
electroless nickel substrates for further étudy-and'(in
sither modified or ummodified form) as the solution for
studies of the initiation process. |

Anodic stripping of electroless nickel deposits was
carried out at 25 * 2°C in a moderately stirred
solution of Na,80, (0.040 mol L) and HS50, (0.200
mol L™} . Electrolytic nickel deposits were obtained by
cathodically plating nickel from a bath of the same
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compositlon ‘as the electroless bath above, except that
the sodlum hypophosphlte was omitted.

For 'stripping; an anodic-~going potentiai sweep was
emplayed, starting at the open circuit potential (which
was between -0.370 V and -0.336 V) and ending at either
0.045 Vv (for partial strlpping) or 0.300 V (for
complete stripping), at a rate of 2.5 av s,
Electroless nickel substrates which weré not “tc_ be
stripped at all were held at -0.336 V in the acidified
Na,80, for a time equivalent to the sweep timé of
partial stripping. The electrodes were rinsed in water
after removal from the stripping solution. Spontanegus
initiation of electroléss platinq on the 'différentj
substrates was studied by immersing the QME in the
plating bath at open circuit, and monitoring the
slectrode potential and mass change with time.
Potentiostatic studies of the early stages of
electroless Plating were performed by immersing the OME,
in the plating bath, under potential control by a
potentiostat (at either -1,025, -0.950 or =0.875 V),
and monitoring the electrode current and the mass
change with time. A period of 3-4 s was allowed prior
to commencement of the data logging. A magnetic stirrer
bar provided moderate stirring during all plating
studies. None of the solutions were deaerated.

5.7.7 Preparation of electrolytic Ni¥ﬁ deposité.

Electrolytic nickel deposits rich in phosphorus were
prepared on the QME after the method of Carglill (1979).
These deposits were used as prepared, or were partially
stripp&d as  was done for the electroless nlckel
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debosit. Electroiytic Ni-P deposits Wéfé'preparéd fé:
comparison to those produced by autocatalytic plating.

5.7.8  Derivation of the half-reaction current -
densities for copper baths |

The experimental procedure _fﬂll@WS. that for current
_density determinations in the low temperature nickel .
baths. The counter electrode employed was a copper rod
{99.9%, Johnson Matthey), 15 mm long with a diameter of
6.35 mm. This was cleaned in dilute nitric acid and
de-ionised water prior to use, During éxperimentation
with the TEA bath, the Iuggin capillary was filled with
0,06 mol L™ Na,80,.10H,0. For the baths with the HIQSA
" and HQSA  additives, the reference electrode was
separated from the working solution by an agar brldge
(4% agar gel, 1.0 mol L KCl).

The calculation of the cathodic current density from
mass change per unit area data was accomplished by

treating the deposition of copper as the only cause for
mass change on the crystal and as the only smgnlflcant :
_cathadlc partial process.

Since Bath 4 required very ‘low concentrations of
2,2"-dipyridyl (DIPY) and potassium ferrocyanide, a
200.0 mL stock solution of these components was
'prepared,'containing 35.0 mg potassium ferfocyanide and
20,0 mg DIPY. A 10.0 mL aliquot of this solution in a
total volume of 100.0 ml working solution yielded*thé
correct concentrations of the compounds. |



- 151

5.7.9  Activation energy measurements

By allowing the QME to be electrolessly plated with the
nickel alloy, at various te'mperatur'es,' the ac'tivat-i lon
-_energy (E) of the electroless platlng process could be
determned,_ '

The ?:a te of the reaction, or deposltlon rate, _IR‘,r ,has' |
been defi: ed as the rate of mass change (per unit area}_

: of the QME. This may be related tc the activation .
 energy by Equation 5.1. '

Rd Axexp( ) | | (5-1}:_.
therefore ln(Ra)"ln(A)+( ) '_ | (5'_2)

A is the_p_i:e-’-exponential factor, R the gas‘ constant and
T the temperature. Plotting 1n(R) vs. T™! gives a line
with a slope equal to (-E,/R). Hence. ' ' '

E,=-Rx(slope) - . .(513)

5.7.10 Plat:wy on glassy carbon substrates

- Glassy carbon (G.C.) discs (Sigridur G), were used as.
substrates for ana'lysis of nickel-containing deposits
by energy dispersive analysis by x-—rays (EDAX)} and for
some electrochemical studies.

By holding a G.C. electrode in Bath 1 at ~1.050 V. for
30 s, sufficient Ni~P alloy was deposited for continwed
electroless deposition. After 10 minutes of electroless
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deposa.tion, the alloy was stripoud off at 0. 300 Vo1

'._ythe acidified sodium sulphate salut;.on; “This prncess{?_

‘served to condition the electrode for the deposition of
the substrate of interest. The deposition process waq.
" _ repea‘“r:i to yield the experimmtal ~ubstrate. T_hiﬂ:
substrate was then replaced in Bath 1, or pa'rtia'llj'_
stripped as described above prior to replacement if
- Bath 1. The appropriate meaaarements of electrode |
potentlal were ‘then made. ' '

5.7.11  Spectrophotometry

5.7.11.1 Nickel, Bath 1

* Determinations of the effeqt 'of reducing agent an:'."i
"Qxidation reaction product on the metal complexes i1
solution in the low temperakure nickel baths wers
qualit'atively- made by .-jspec;*.t:{'r:aphotometry. A Hitachi
'U20_d0 spectrophotometer was usad; which operated in the
ultraviolet and visible ranges. This instrument had the
 facility to calculate a basellne for any referenc 5
sample, so it was possible, for’ example, to use &
complete nickel bath solution in the reference beam ard
obtain abso'rption 'spectr_a relitive to this., In each
case; the instrument was initiilly set up to create &
baselin. usmg the reference beam sample, Spectra weye
obta:.ned at room temperature =

A SOIution of sodium phosph;‘.te (NaEHPO,.,)- was prepared
by reacting 15.00 mL phosphorous acid (H,PO,) (25% w/v)
with excess sodium hydroxide to reach a final pH Of
10.85 and & concentration of WNa,HPO, of 0.51 mol L.
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' Thls solution was used in eqval proportlon to Solution
nnv (Sebtlon 5.5. 1)

| Solutiohs for:whiCh SpGCtra were obtained:

* Bath 1, without R.A. |

* Bath 1

* Bath 2

(reference solution: 1 mol L™ KCI)

* Bath 1, without KCl; pH 10.65

_ * Bath 1, without KC1l and with H,PO,” anion substituted
Wlth phosphite ‘anion of equal concentratlon, i.e., 0.26
mol L™ pH 10.85 | |
.(reference solutlon. pure watEr) _ : _
* Bath 1, without KCl and wiLh.IgPo; anion substituted
with phosphite anion of equal concentration  i.e.
0.26 mol L% pH 10.85 | |

© {reference sclution* Bath 1, without KCl, ‘pH 10. 65)

5.7.11.2 Copper,'Bath 5, with HIQSA and HQSA

Using the same instrumentation as described in the
previous section, spectra in the rangé 350 to 700 om
- were obtained for the following solutionsg:

* Bath 5 {(without HCHO)

* Bath 5 (without HCHO) and wmth HIQSA (208 ng L)

* Bath 5 {(without HCHO) and with HQSA (200 mg L7)

These solutions were prepared by first making up the

quinoline sulphonic additive solutions at alkaline pH
(approx. pH 12.8), and then using these as ;tocks_to
prepare the solutions containingICOPper sulphate and.
-EDTA. In this manner, it was 'pOSSible to use the
quinoline sulphonic acid additive solutions as blanks

in both spectrophotometry and cyclic voltammetry. )
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5.7.12 Addition of doetate anion to plating baths

Both Baths 1 and 2 were investigated. A Gilson 20 pL
Pipetteman was 'used to add small volumes of sodium
acetate solution to the baths while the electroless
plating was occurring on the QME . _'Baths were
thermostatted at 20°C for these experiments. Plating
rate was determined as a function of acetate anion
concentration., Dilution of the bath with addition of
the small aliguots was considered to be negligible. A
_period of 60 s Was'. allowed before rate measu'rements
were taken after each addition of acetate solutipn; :

5.7.13 Effect of addition of H,PO,” to Bath 2

The effect of H,PO,” on the plating rate of Bath 2 was
determined by adding aliquots of the  concentrated
sodium hypophosphite solution to a bath plating
electrolessly at 20°C. The dilution effect due to
addition was considered neégligible. The experiment was
also performed using solution "B (Saction 5.5.1) of
Bath 1 as the. added companent.', The first addition of
sodium hypoaphosphite solution was preceded by 290 s of
uninterrupted measurement of R, A grade A 1.00 mbL
pipette was used to discharge the solution into the
bath. Electronic circuitry and_measurement' devices were
not  interrupted. Measurement continued for 300 s, the
final rate being determined over the last 200 s,
'Subsequent_ ‘aliquots were added. _'pri-or ~ to 100 s
measurement perlods. ' ' o
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5.7.14 Ef:Eaci: of sparg:l.ng the hypophuaph:.be bath
wa.th uxyg'en _

" The plating z':'a'te of a 'deoxygenated hypophosphite bath
was determined. Thereafter, oxygen was bubbled n,hraugh
the bath and the effect on plating rate noted

5.7.15 Cyelic Voltammetry

A CV2T x’roltammograph'.(Bioanalytical Systems) c::nnected
to & PCB-386 personal c_omputer was used Iin cyclic
- voltammetry of Bath 5 and the various modifications
thereof, as described in Section 5,7.11.2 above, The
computer was equipped with a Nat_ion_él - Instruments
' PC-LabCard 12-bit A/b converter and. Pchabbr'iirer ver. 1
goftware. The cyelic voltammetry data. ac_qixisit_io_n
program was developed by John Marsh (Marsh 1993).
Solutions were thermostatted to 30°C using a MGW
Thermotemp water circulat-o'r_. A copper diSc electrode',
(2.0 mm diameter, 99.9% Johnson Matthey) set in epoxy, |
served as the working electrode. A Pt flag (Metrs_:shm-
6.035.000) was t'he' counter electrode and the reference
- was a calomel electrode with salt bridge as described
in Secticn 5.7.8, The working electrode was polished to

a 1 pm finish with alumina (Buehler) and cloth
(Hyprocel, Engis Ltd.) prior to each scan.

After allowinq the solution"to become quiescent, a
potential of -0.30 V was applied to the WE for 30 S..
Following this, the CV was started with the
_ cathodic-going scan at 50 mv g o
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5.7.16 J eray Photoaleotron Speotrosoopy and
Soann;ng Eleot:on Mio:oscqpy '

Ah- x-ray photoeledtron_spéctrometer comprising of the
following ovstEms .Was'ﬁsed for_xﬁray photoelectron -
spectroscopy. (XPS). Vaouum. chamber: Vacuum Generator
 "Solar 300" .(base pressure 4 x 107 bar); x~ray and
electron source: VG "CLAM 100", with standard (Mg/Al)
" water cooled anode and LEG61 electron gun. The sources
shared a 150° Spherlcal detector analyser and .
channeltron detector. o B | |

 Nickel phosphorus 'and .nickel boron alloys on G.C.
substrates were examihéd.'samples'Were_scannéd in the
relevant  binding energy ranges in the as-produced
state, and after argon ion ablation, - o

_A_JSM_840 scanning electron microscope (SEM) was used
. to examine G.C. and quartz microbalance electrodes, and
to perform energy dispersive analysis by x-rays (EDBX)
on Ni~-P and Ni~B deposits on these substrates. For SEM
studies, the samples were examined'as-producéd without
further ooatlng. Semi-quantitative EDAX analysis was
performed by ZAF~4 computer programs '



'CHAPTER 6

RESULTS AND DISCUSSION -

| THE QUARTZ MICROBALANCE ELECTRODE




15y

CHAPTER 6 RESULTS AND DISCUSSION -~ THE QUARTZ
" ' liICEUDEH¥LAEKHB ELECTRODE

6.1 ..'.ArRARAmUS

The utﬂlity " of the quartz microbalance in
electrochemlcal applications has been shown by numerous
researchers as .described in the literature survey
~ (Chapter 3). In the present work, the OME and'related
| circuitry which were constructed were found to be of an:
_acceptable standard in terms of response to mass
change,  robustness and compatibility with the
instrumentation described. -

During the course of the development of the QME used in
this work, expnrimentation with crystals and clrcultry
revealed a number of 1mportant facts.

The technigue of application of electrode material to
the crystal surface determined, to a large degree, the
success of the device Gold dld not adhere sufficiently
strongly to the quartz surface to stand up to the harsh
conditions of gas evolution and surface stress during
electrolytic or electroless plating., The use of a
chromium underlayer was required. A silane compound has
--béen used as a molecular adhesive for gold' on Si0o,
(Goss, Charych and Majda 1991), These authors applied
(3-mercaptopropyl) trimethoxysilane to a clean surface
prior to gold coating, for ultimate wuse in an
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~electrochemical environment (the silane moieties hind
covalently to.the oxide surface through.siloxane bonds,
‘while the thiol groups. engage in strong .binding to
gold). The adhesive 'layer is thus imdnomblecular,‘ 1f
adopted for OME preparation, this method would allow .
for easier recycling of crystals, since the difficult
step of removal of a tenacious and passive Cr layer
would be avoided. A problem which could be encountered,
‘however, is that for autocatalytic plating, hucleation
may occur on the silanized surface not within the

'_ bounds of the actual electrode. Spurious'reéults would

theﬁ be obtained as a result of radial growth of the
electrode. ' o

It was found that if the thickness of the gold
ale¢trodes_was below a minimum value,'bscillation was
sustained in the gas phase (i.e, air) but ceased when
one crystal face was in contact with iiquid. In order
to quantify the required film thickness, a four-point .

probe (Smits 1958) was constructed, but was found to be
sﬁperfluous; a minimum coating time in the Polaron:

. coating unit of 55 minutes was found to consistently

produce suitable films. The cohmecticn of the wire lead
to the WE was best achieved by a small amount of silver
epoxy adhesgive. Attempts to incorporate a wrap-around
of gold from the coating procedure were unsuccessful. -
The best arrangement obtained was the attachment of the
WE current collector (i.e., copper wire} to the front
face of the crystal, ensuring that the Cu and
conducting epoxy did not protrude from the silicone
o-ring after assembly. Thus a wrap-around of conducting
gpoxy was avolded, although this technique was used in
the earlier experiments in this work.'Bending the wire |
around the edge of the crystal was a distinct:
improvement in mathodology,  because an époxy
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wrap~arqund.‘prQVed. to be difficult to remove during
recycling of the crystals. | -

Possible impro#ements to the cééting procedure include:
a masking technlque whlch does rmot employ adhesive
tape, a modified mask which allows a tab of gold to be

deposited on the reverse face whare.the wrap~around of
- _cohducting epoxy would be applied, and simplification .
. of the pfocedure' to allow coating of all required
" metals of the WE in one unit. An o-ring allowing for
Sealéd:contact of leads without the necessity of silver

paint as adhesive would expedite the recycling of

- erystals after use in experiments, as well as rapid
| replacement of c;ystals during experimentation, One
particUlarly'nsaful désign was recently developed at
IBM Research Labs., San Jose (Hessami, Armstrong and
Kanazawa 1992);'whereby'the crystal was sealed to an
o-ring by the action of a vacuum pump. Spring loaded

- pins served as contacts' to _the electrodes. 'This '

'-arrangement is more feasible for large diameter
crystals (l.e., about 25 mm dia.), than for the smaller
~ gizes (i.e., 13-14 mm dia.), Interestlngly, this d351gn
allowed the OME to be used as a wall-jet electrode.

6.1.2 Circuitry and instrumentation

Numerous oscillator circuits were built and tested
during the course of this work. These included the
‘Clapp, dual dinput NAND gate and 74LS320 based
‘oscillators already mentioned in Chapter 3, as well as
an oscillator of unknown circuit design loaned from STC
- Components. The latter was found to have sufficient
pullability and power to sustain ¢50111at10n for the
OME but could not be used without considerable
contribution to potential and/or current at the WE, The
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former  three 6SCillatoreJ:aq’ﬁot sustain oscillatien't.
for .the loaded QME. The' oscillator based on the

Pierce-Miller design described in Chapter 5 was _the"

‘most. successful ci¥CUit, as it ekhibited pﬁliability}7:
sustained osclllatlon in ;lqu1d; maintained one crystal
face at ground potentlal, and was found to e stable
when a sealed test crystal was connected in place of
- the m:.crobalance ¢ rystal

'A_modification_cf_the PieICe%Millex oscillator circuit
to allow for operation at higher harmonics of the
crystal was implemented by'Beck}'Pittermann"and Well
(1992) . Operatlnq the crystal at ‘harmonics extends the
sen:1tiv1ty of the microbalance. These workers utllised-
" the ampllfylng prope;ties of a field effect transistor,
andhather'minor changes, to achieve the desired sffect.
"Inathe_preSBHtacase, however, operatlon at 5 MHZ was
found to be sufficient, and acceptable prec1sion and
. accuracy were obtaiﬁed.:

A Bioanalytical Systems CV27 Voltammograph was used in
__initial tests. This potentiestat was ‘ound tol be
unsuitable because ‘the intérnal arrangement is such
that the reference electroder and not working
electrode, is at ground potential. Thus the use of the
equipment  and circuitry - ‘as  listed . in the
Instrumeﬁtation and. Methods section - (Chapter B} was
shown to be the best available for this study. The use
of earthing leads between all instruments, and a metal
box to house the oscillator_circuit was found to be

- necessary, in order to minimise the effects of

electrical noise. Fine tuning of the oseillator cireuit
for each crystal was required.'

The final version of the computer program allowed fer'
- measurement of frequency, cell current snd potential up.



.to three tlmes per second including averaglng of the_~'”'
”.1atter two parameters. By uSer Spélelcaticn, thls¢ -

could be done for a pre~def1ned time, or until @
specmfic potentlal was measured (e. g., for LSV)‘ After
recording the data on dlsc, all three quantltles were

plotted srmultaneously on the mohitor om separate,.”
annotated -scales. Thls.; provlded :for_ 1mmediate
. assessment of the results of the experlment.  f o

'6;2_1' | SENSITIVITY AND ACCURACY .
The followmng results led to the conc1u51on that a
'rellable QME had. been constructed.

' 6.2.1  Theoretical andjobaezved-sensitiﬁity-_

The QME was shown to exhibit a llnear response to mass
change occurring at . a . constant rate This is
illustrated in Figure 6.1 and Figure 6.2. The current
was seen to be steady during the potentiostétid
electrolytic depdsition; Thus, the mEasured”maSS chanée
rate did not vary with time for low loading of the
crystal. | |
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Figure 6.1 Response of the QME to electrolytic
L ' deposition of nickel at various

potentials. Electrolyte: Bath 1.

Temperature 35°C., : :

 For a crystal with a resonance frequency of éxactly
'5.00 MHz, the theoretical sensitivity is 5.66 x 10
Hz cn? g'l, according to Egquation 3.-'2_. The sensitivity
calibration described in Section 5.7.1 (Chapter 5)
yielded the results given in Table 6.._1-." In this table

.Amq.' represents the mass change per unit area predicted
from the faradaic current. The last column, -corit_aining' =
the ratio of frequency change to mass change,
'repreSeniﬁ_s | the sensitivity. The average sensitivity
obtained was 5.328 x 10" Hz cm’ g, with a standard
deviation of 0.443 x 10" Hz am? g*. |
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Figure 6.2 ~ Resonance frequency as a function of time
; during galvanosgtatic deposition of
copper. Electrolyte: CuS0,.5H,0
- (0,721 mol L‘*), 98% H,S0, {0 036 mol L™).
Temperature 30°C. Moderate stirring.

Examination of the box-and-whisker plot (Figure 6.3}
' conflrms that the measured sensitivities were evenly
spread around the median _va__lue., with no outliers. Thus
the mean value, closely corresponding to that -'expected
for a 5.00 MHz crystal, was not obtained by virtue of
fortuitous '_outiying data. Box-and—wh:.sker plots are
described in Appendix V. S
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Table 6.1  Calibration of the OME by galvanostatic
' ' deposition of copper from acidic copper
_sulphate (D 16 mol Ld) SOlutlon. '

EE T B £, b £ 10‘l 107 x Af/
- /mB /s | /Hz | /Hz /gsgméhﬁi' /Hz cm? éﬂh
S50 ] 100 | 5035708 [ S0i852 | 294 | 5.3L
o 2.50 ¢ o0 | 5019728 _5030424_ -2.03 c -5.27
-2.50 150 1 5034376 5013160 4.12 - .5.15
2.50 | 60 | 5013044 | 5020957 | -1.65 | 4.80
. 2.580 20 - 502124;.?_._ 5023753 -0.55 . 4,57
~-2.50 | 30 | 502197, | 5017560 | _ 0.83 5,30
-3.50 . 30 | 5017490 5GLl1752 1,15 . 4,98
-=2.50 | 100 [ 5010906 | 4998682 . '1 .65 : . B.00
2.50 24 | 5007824 ; 5010238 ~i0, 402 4,89
. ~2.850 - 43 | 5010696 | 5005845 T 0.+03 .. 5.5
~1,51 158 [ 5010903 R ‘4999227 C1.57T - h.99%
=252 | 400 ;5010141 | 4961266 1. G.064 5,95
=~2.51 | 327 | 4060472 | 4987693 | 5.41 5.56

 minus sign impiies mass ioss

.6-1.__ A ——

519. L B
57 -
,&_ . | ]
™ L. .
g 98 ’
. Qo - N
g 5.'3 I A b ]
h c -
35 51 } .
Y ’ 1
e :
;,c. 4-9 ™ -
4-7 T ]
4.5 ¥ . | . - . =

Galvanostatic daposition of GOppef onaQME

Figure 6}3 Box-and-whisker plot of the sensitivity
N data for the QME, presented in Table 6.1.
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The results given in Table 6.1 are plotted alonyg with
some of the results of Stdckel and Schumacher (1987),
for purposes of comparison (Figure 6.4). Results
obtained in a nickel plating bath yielded sensitivities
between4axlo"andsleo’nzcm g,

B¢ .._)g..;x___ e e s x.-’.‘.. ............... ]
o ' : O
S 4} o) ]
. .-.
. --... 3 - o
38 | P
5 2 | [5%¢ Galvanostatic Cu platlnglstrlpplng (Table 61) S
« | L e) cu plating - estimated from Stéckel ancl Schumacher (1987) /
< 11 L
B 1} S S S WSSV FEEE S A
0 1 2 3 4 5 & 7 8 9
: 1-04}<Am.:lgcm'2 :

Figure 6.4  Sensitivity of the OME.

It was concluded that the aver:ige sensitivity obtained
in the present study was consistent with values
expected for  crystals operating at funda:ﬁental
frequencies near 5.00 MHz. The device was considered to
be reliable for further electrochemical work. '

6.2.2  Comparison to previous results

Curves .1llustrating the relationship between current
densities and potential (CD curves}) for Bath 1,
obtained with the QME (F:Lgure 6 5}, were compared with
those obtained with an RDE (Figure 6. ) {(Orchard
1988b). The CD curves compared very favourably,
although a minor difference was noted. The point where
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‘the three _c_:ﬁrv.ea converge to zero current was _f_ounc'i-'td_'_.
be at about ~0.6 V vs. SCE ({all potentials hereina_ft&xf_'
are _re:Eeren'cad to the satpré.ted calomel electrodej for
the OME whereas it was at about -0.8 V for the RDE, The
discrépancy'- could well be attributed to the different
‘hydrodynamic conditions at the QME as compared to the
RDE, which would affect the relative mass transfer

rates at the two electrodes. A similar. phenomenon was
noted by Chandler and co-workers (Chandler et al.
1991), who used a QME and an RD_E in corrosion studies'
of thin films., Discrepancies in pblarisatibn curves
obtained with the two types of electrode were explained
in terms of the different hydrodynamic conditions at
the two electrodes. |
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Figure 6.5 Partial GD ourves for Bath 1. at 35° c
o . obtained usmg the QME.
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Figure 6.6  bartial CD_Curﬁes for Bath 1 at 35°C
' o obtained using the RDE {Orchard 1988b).

6.2.3 Use of the QME in corrosion studies of
aluwninium |

The'quartz_microbalance equipment constructed for this
project was also successfully used in potentiodymamic
corrosion studies of evaporated Al Ffilms (Gnoinéki
1993). The various validation procedures described in
the present work, as well as others specific to the Al
system, were employed, and 'the results 'found to be
entirely satisfactory. - | - |



- 6.2.4 Reprbducibil'ity of iexp‘e:‘:iment;a'l results

Replicate experiments performed during the course of
this work were found to be in good agreement with one
‘another. Some examples of replicate experiments .are
illustrated in Appendix IV. o
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CHAPTER 7 RESULTS AND DISCUSSION - _
| AnmocamALYTIC'NICKEL nzposzwxou -

7.1 EFFECT OF OXYGEN ON NICKEL PLATING RATE

It was pdésible-to paséfnittogen through the solutions
during all types of measurements perfurmed' in this
‘work. This deaseration. technique was avoided, since the
resulting depletlon of ammondia. from the baths would
change ‘the bath compositions and pH. In order to verify
~ the assumption that deaeration was not required,_ a
' previously deaerated and actively plating bath was

.sparged with Q,. No smgnlflcant effect on plating rate
was noted. None of the electroless baths anestlgated

in this work were deoxygenated. ”

7.2 ANODIC STRIPPIHG OF ELECTROLESS NICKEﬁ
' FIIME

When thin (0.2 ~ 0.3 pm) electroless nickel deposits on
glassy - carbon oxr g¢old substrates: are anodically
stripped (see Section -5;7;6),'_voltammograms ~such as
that of ¥Figure 7.1 are observed. The QME response;
expressed-as'the'firét derivative, is superimposed on a
'stripping'letammogram to illustrate the mass change of
the electrode associated with the current response -
(Figure 7.2). ' '
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Figure 7.1

'Anodic strlpplng voltammogram of
electroless Ni-P deposit in acidified

'Na,S0, solutlon,_on glassy carbon. Sweep

- rate 2.5 mv s, temperature 26.5°C.
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- Figure 7.2 Supellmposed traces of current response

o : and rate of frequency change for a QME
undergoing anodic stripping of a :
nickel-phosphorus alloy film. Sweep rate
2.5 mv s, temperature 23°C.

The two peaks of the voltammogram are very similar in
form to those réportéd by Benje and co-workers (1988]

- who stripped thin, electrolytic nickel-phosphorus
(Ni-P) deposits under similar conditions. The potential
swéep of Figure 7.1 results in'complete stripping of
electroless nickel depoéits -from the substrate.
However, if the sweep is stopped at 0.045 V, incomplete
stripping occurs, leaving a residual deposit which is
highly enriched in phosphorus., The residue has a matt
~black appearance, in contrast to the electroless nickel
f£ilm which looks much like bulk nickel. Table 7.1 shows
‘results of EDAX analyses of such deposits, aloﬁg with
analyses of the original electroless nickel and a pure,
electrolYtic ‘nickel deposit. In keeping with the

_findings of Benje and co~workers, it appears that the
first stripping peak is due to a nickel-rich phase, and
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the second peak to a phosphorus rich- phase Beﬁje et“ _
al. {1988) used. electron diffraction to characterise.

the two phases, reporting,that the lesb_noble phase 15_'”

fee nickel, supersaturated in phosphorus, while the '
more hoble phase is amorphous Ni~P. In the present .
work, it was found that the deposifs were too thin to
yield.‘useful x-ray dlffractlan.*patterns, and. it has
been aSSumed that the two phases observed in this. -study
are essentially the same as those reported by Benje et

:-._al‘_(lsss), and Well and Hofmann (1990) .

During "steadgé-_ ‘state nickel platin-g-, ‘the two
half-reactions of primary interest hsre are "

| CNiM(aq) + 2¢7 o ML (7.1)
Hzpo;(aq.) +'-20}r' -  HPO, (aq) + KO + 2" (7.2)

Rere Ni“(aq) represéntS"thé complexed nickel ién;_
Addltional electron transfer reactions produce hydrogen
gas; ano. phosphorus ln the solid depos;t. However,
since reaction {(7.1) accounts for almost the entire
_ mass' of the “deposit (Table 7.1), the mass chénge_
measurements made with the QME essentlally reflect the
rate of this process. ' |
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- EDAX anaIYSIS of nlckel—contalning deposiﬁs

1,3

- using the QME,

. Table ﬁ.l
S - - originating from Bath 1° or modifications
thereof. .
Type of Deposit
Full partially | Electrolytic
electroless -stripped nickel
nickel | electroless L '
C nickel -
[Atom % N1 | 94%1 5241 >99.5
jatom % P Bl 48+1 <0.5"
ACTIVATION ENERGY DETERMINATIONS

The A:rhenius_actiVatiph energy for the:hypophosphite
based bath (Bath 1) was found to be 66.4 kJ mol”,
compared to Feldstein's value of 59 *
2 %7 mol?, (1988b) value of 58 %
2 kT mol™., A graph of the data used for the activation
energy determlnatlon of Bath 1 15 1llustrated in Flgure
7.3. '

and Orchard's

The Arrhenius activation emergy for the DMAB bath (Bath

2) was found to be approximately 57 kJ mol™ (Figure
7.4). Feldstein ({1970) obtained a value of 36 &
2 kJ mol™, ' '

Wwhile the values of the éctivation energy obtained with
- the QME were hlgher than those obtained by Feldstein, -
| particularly for the DMAB bath, the data cbtained in
the present work showed little scatter as évidenced by
the 95% confidence bounds on Figure 7.3 and Figure 7.4.
It is not clear why the OME gave a value of activation

# Bath compositions are given in Chapter 5, Section 5.5.
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‘energy 68% greater than that presented by Feldstein.
The difference between the data for the HPO,” bath was
_lower,'and”it was_COnc1uded that small variations in

bath compositlon " and pH were responsible for the

:anonsistemcies. This source of error may be magnlfied
since the OME obtains data over a short period of time =
wheress ex situ gravimetric methods require longer

_'plati’ng times‘ Chari'ges‘ i pH and:' bath "'_compos_ition ‘may o |

then occur. In this regardL'FeldSEein preéentéd data:'

_uhown.ng' a. strong dependenc:e of plating rate on the

concentration of DMAB when the concentration of
| NiS0,.6H,0 was 25 g L%, equivalent to that used in the
present work, = . | | |
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Figuré 7.3 Arrhenius plot of the rate data for the
hypophosphlte based bath
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7.4 . DPARTTAL CURRENT DENSIVY CURVES AT STEADY
BTATE R | -

7.4.1  Low temperaturé electreless nidkéi baths

 Figure 7.5 and Figure 7.6 show plots of Jy., J. and J,
vs. E, obtained for the two electrbless baths at 20°C.
All potentials.quoted are with respect to a saturated
calomel electrode. While the general forms of the two
figures are similar, ' there are important detailed
‘differences. With reference to Figure 7.5, it can be
noted that_fdr'Baﬁh 1, 3j, shows little dependence on
potential near the plating potential. The overall rate
is thus under anodic control, In contrast, Figure 7.6
 shows that'for the DMAB bath, both partial processes
depend markedly on potential near the plating
 potential. The overall rate is under'jaint cathodic and
anodic control. A further difference can be seen in the
shapes of the j, plots. When DMAB 1s being oxridised,
the rate of this half-reaction reaches a maximum at
about: 50.8_v. The plating rate, however, is not
 affected by this local maximum of the anodic rate, and
in  fact plating 1is scarcely occurring, In the
hypophosphite'bath, no similar maximum in the rate of
the anodi¢ process was noted.
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The similarity between the results obtained using the -
- QME and RDE a*' 35°C for the hypophosphite bath has been
menticned in Section 6.2.2. Since the current density

curves are -similar under significantly different :
. hydrodynamic conditioms, it is clear that the anodic
and ' cathodic half-react:.ons are not under Mass
' transport control. In support of this, Feldstein and |
. Amodio (1969) and Orchard (1988a) found that agitation
had little effect on the platmg rate for a similar
bath compos:.tion ' ' : :

The subst_itution of 2inc_ ionsg for nickel ions in either
the hypophosphite ~or DMAB . bath gives rise to &
situation where ﬁhe most significant faradaic response
- in the potential range under study is oxidation of the
__-r-educihg agent. In such situations, oxidation of the
' latte-r_ - species is made to occur without the
simultaneous reduction pf metal. For both baths, the
rate of oxidation is docreased when compared to the
complete baths at the coi:responding potentials {at the
extreme c¢athodic potentials, solirent reduction does
' oceur, as evidenced by the detection of a small
cathodic current in the absence 6f_ nickel (1T}, for
éxample;. .Fig'ure' 7.7) . The anodi.c currant densities for
-modified and complete baths are shown in Figure 7.7.
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Figure 7.7 - Plots of the anodic current density (j.)
vs. applied potential (E) for Baths 1 and
2, and these baths containing Zn®* instead -

. ofoNi’*. All measurements were made at

Since the anodic current densities differ from those
when - simultaneous metal reduction takes place, it is
suggested that the anodic and cathodic half-reactions
~ are interdependent. This 'poi_n't was further illustrated
by results obtained when the reducing agent was omitted
from the baths. It was found that fhe deposition of
nickel occurred over the relevant potential range, but
at a rate different to that noted when simultaneous
oxldation of reducing agent was taking place, at
~corresponding potentials. These results are illustrated
in Figure 7.8, and in semi~logarithmi¢ form in Figure
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7.9. The data for Jc in the absence of reduc1ng agent_

were derlved. from- QME frequency' changes. If j, was
derived from the observed current, the data would only
be about 1 mA cm?® more cathodzc, at potentials more
| negatlve of about 1 V. '

Je ! mA o2

* H2PO? bath
A DMAB bath
B No reducing agent

;- Py ] " | y i -y i PN I '.|

"1- n2_ -1 '1 . -1 to_. '."th | "0-8 '0.7 "0}6
E/V vs. SCE " o

Figure 7.8 Plots of cathodlc current den51tlea Ad.)
- for Bath 1, Bath 2 (from Figure 7.5 and
Figure 7.6) and for a bath containing no
reduc1ng aqent All data obtained at
20°C. _
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Figﬁre 7.8 Elgts of-lnjc'vs . B 'er_ data of Fiqd_re_
Reduction of nickel at a given potential is notably
higher_' in th'e'.presence of hypophosphite oxidation than
with DMAB or no reductant. At -0.95 Vv, for example,
_the relative cathodic rates (hypophosphite : DMAB : no
reductant) are in the approximate ratio 22 1 7 : 1. |

In addition to the differing rates, the different
slopes and curvature in Figure 7.8 clearly indicate
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that_the two hélf—reactions occur at rates depending on
the nature and presence of the reducing agent.

The shapes of the curves in Figure 7.7 can be compared
with two of the curves presented in the model of Ohno
(1991), which has been represented by Figure 4.2,
Chapter 4, in so far as a maximum]'valué of i, is

achieved at an intermediate potential (in Ohno's model
the curves ‘are presented  as 1n{j,} vs. E).' The
hypophosphite oxidation current density cur#eztin;the'
'p_resenlce of Ni**) exhibits ‘a lo_dal maximum at about

N ;-1.01-V, much like the volcano plot of Ohno. The shape

of the current demnsity curve (for the oxidation of
H,PO,") 1s consistent with results cited by Ohno, and in

addition, stromgly supports the possibility of the
 existence of an oxide film on the  Ni-P alloy. -
 Similarly, in the presence of nickel(II) ions, the
'_oxidatidn-of DMAB shows a maximum rate, at about -0.86
V. In contrast, the curremt density curves of the
oxidation of both reducing agents in the presence: of

Zn®* are considerably more plateau~like at intermediate
potentials (curve 2, Figure 4.2). The range of
electrode potential -investigated in the”preSent work
did mot extend to the anodic value of +0.3 V vs. SCE as
in the work cited by Ohno, thus it is not possible to
be certain that the J, curve for IMAB oxidation does
not exhibit voldaho—type behaviour in this region{ it
- may be, that an extension of the range of measﬁrément
of the current density for DMAB in Figure 7.7 to even
more anodic’ potentials would reveal volcano-type
behaviour as presented in the review by Ohno. Similarly
for the oxidation of H,PO,” in the presence of zn* in.
place of Ni%, ' '

Thé"results' of current density measurements for
complete and modified baths (given above) indicate



substantial mechanistic. differences ‘between  the
- systems. The reductioh:patfial process in both bathsgis'
-:strongly dependent on potential. Thus the possibility

. of chemical (non-—electrolytlc} mechanlsms, in which a
direct electron transfer reaction between surface-bound
~ species takes place, can be eliminated. This type of

mechanism has been observed in the corrosmon of steel -

ﬁ_and titanium allcys (Mansfeld and Kenkel 1976). ‘In
their = corrosion study, polarisation resistances
determined from physical dimension changes of
substratesi" differed : from-_' those  obtained by
electrochemical methods. Dissolution rates were found
to be almost.independent of applied potential in the
cathodic region, in contrast to the’ more commonly
observed exponentlal relatlonship

Another possible interacrion which could lead to ‘the
observed interdependence of the two partial reactions
'isfane'beEWeeh the metal jonm and either the reducing
agent or a product (or intermediate product) of its
oxldation. The effect of an adSOrbed species on plating
rate has been noted (de Minjer and Brenner 1857, .
Schoenberg 1972, Donahue et al. 1982, and Paunovic and
Arndt 1983). For the hypophosphite-reduced system,_a
nuwber of species “have been suggested as belng
responsible for the reductlon of the metal ions. The
conversion of hypophosphite given in Figure 4.6, is one
possible mechanistiq starting point. The tautomeric
form, involving three-valent phosphorus, is another
| possibility {Figure 7.10). ' |
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: Figure 7.10 Téutomeric forms olfl 'thé""ﬁ;éo;f- '-anibnf-.-

- The three-valent tautomer shown in Figure 7.10 has been
' propo'sed.' as being the more readily oxidizable (Hickling
and Johnson 1967}, and can also act 'as--_a-bri_dging
ligand (Figure 7.11).

NI O'

/////////

FJ.gure 7.11 Three-valent phosphorus tautomer oI HZPO2
acting as a bridging llgand for Ni#

H

.----_*-_: U ———--. '. : I :

Sc:hoenberg' (1972} speculated tha_t._ the . action of the
accelerator/stabilizer, HIQSA, 1is via a  similar
bridging mechanism (this . is discussed furtheﬁ: in
Chapter 8, Sections 8.5 and 8.6). It was stated
(Chapter 4, Section 4.3.1) that the results of Wiese
and Weil (1987) suggested that direct adsorption of
copper on the surface was not part of the mechanism of



'_the" procéss' in  that - particula* 'Study 'Furtner'

corroboration of the brldglng ligand requirement may beﬁ]' N
‘inferred from the observations of Feldman and_Me;royh__-f

- (1889), where significant differences in  cathodic
pertial current - density curves .were noted in the
' presence .'and ~absence of the reducing " agent
'(farmaldehyde) It was hypotheslned that _'a,

W2- (EDTA) formaldehyde complex formed, and was
fadsarbed_.on the electrode —surface. .. concerted
reduction of the Cu* and oxldation of the reducing
agent wés*thén_suggestéd as a possible mechanism, The
‘possible importance of bridging ligands is illustrated
by thésé examples, and this mode of interaction of the_'
reactlng ‘species cannot be dismissed. |

- The possibility' of lnteractlon in the bulk solution ’
..between metal ions and some speCLes related to the '
_reduclng agent also - exists, ‘The spectrophctometrlc_
experiments ~ were performed to identify any. such
interactions. Feldstein = (1870) reported that the
'presence of reducing agent had IO effect on the nature_f
of the complexes present in solution. The results of
“this work {Figure 7.12, Figure 7.13 ‘and Flgure 7.14)
corrchorate those of Feldsteln
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Figure 7.12 Absorption spectrum of Baths 1 and 2
A  without reducing agent, at 23°C, .
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Figure 7.13 Absorption spectrum of Bath 1 at 23°C..
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Absorption spectrum of Bath 2 at 23°C.
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Figure 7.15

Absorption spectra of Bath 1, and Bath 1
modified to contain phosphite instead of
hypophosphite anions. Modified solution:
trace indicated by ({*). ' '
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‘No 'evidénce of any signifficant' influence on ‘the =
sclutlon conpiexes by the. reduc:.ng agent cou1d be
mi:erred from the ‘above spectra '

To explore the possibility of an interaction between
the metal ion complexes and the phosphite anion
{H?O{"*)," a product of H,PO,” oxidation, spectra '_were
abtained by substituting phosphite for hypophosphite in
Bath 1. A marginal difference was observed _ (Figure
7.15) which was more clearly defined when the reference
beam cénta'ined a sample of Bath 1 (Figure 7.16). This

_d:l.fference was mnot, however, ~much greater than the -

small d;t.fferences noted when DMAB Qr I-IQPI.‘:v2 was added to
the bath (see absorbance at 388 nm, _F:Lgure_ 7.12 and
Figure 7.14), and it has been noted that Feldstein -
éould_ not detect a significant effect of either
reducing agent on the 'é.bsarption spectra. The effect of
phosphite on the nature and concentration of complexes
in Bath 1 can therefore be seen to be within
experimental error, However, if the concentration of
the phosphite anion near the interface builds up to

significant levels during electroless plating, a pH

change may oceur, and this would affect the
distribution of the various Ni* complexes with ammonia
and pyrozzhoéphate {Feldstein 1970). There .dves not
appear to be a direct effect on the distribution of
complexes brought about by  phosphite when the pH
- remaing congtant. ' '
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Figure 7.16 Absorption spectrum of phosphite-

containing solution with Bath 1 as
- reference.,

No further data were '_{abtained regardihg interactions in
. the. bulk  solution. Studies us__i:ig in situy
'spectrophotometric' methods would be helpful in
detecting the presence of interactions near the
surface, i’nv_oliring surface bound spegies., |

Since the rate of nickel depositmn at any g:.ven
potenz sial increased in  the presence _of  the
hypophosphite anion, it was of interest ko detérmi_n’e
the effect of HPO, on the plating rate of the DMAB
bath. The results of an experiment with a combination
of reducing agents could illustrate the nature of the
control on deposition rate and further highlight the
‘different effects of the reducing agents on the -
cathodic half-reaction. Effects on platihg potential
and deposition rate were noted when the concentrated
.sodium hypophosphite solution was added to an actively'
plating DMAB bath (at 20°C). The plating potential
became slightly more pogitive (from ~1,01 V to «0.94 V)
and the deposition rate dropped to 80% of the value
measured prior to addition of hypophosphite, with H,PQ,”
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concentration of about '60% of thdat of Bath 1. In a
mixed potential system, the observed rate would be
governed by the rates of pnly two partial processes
(Section 2.2.1, Chapter 2). The presence of a reagent
which does not participate in either of the two partial
processes should not affect the measured rate. |

In the preéent case, an inhibition of nickel deposition :
was observed, when H,P0,” was added to the active DIMAB
bath., Lelental (1374) showed that the rate of nickel
- deposition in- baths contéining amine. borane type
. reducing agents procéeded. via a mechanism involviag
catalytic dissociative adsorption of the reducing agent
on the plating surface. Henée the presence of
hypcphdsphite, which must also adsorb to the surface;
lowers the plating_rate, indicating either'competition
for active surface sites by the reducing agent species,
or interférence'by some other means. It is important to
note that the combination of reducing agents resulted
in a decreagse in plating rate and not an increase.
Further study in regard of the mechanism involving the
combined effect was not © carried - dut, but
"experinmentation with mixed feducing agents could'be of
significance in future research.

7.4.2 Quartz microbalance electrode study of a
high temperature electroless nickei_bath

A rotating disc electrode has been uaed-to'atudy the
partial current density curves of Bath 3 (Mughogho and
Qrchard,  192383), which was operated at a higher
temperature (80°C) than the room temperature baths 1
and 2. During the course of Mughogho's study, it was

noted that the cathedic and anodic current densities
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were relatively independent of potential, over a wide
‘range spanning the plating potential (Figure 7.17).

20
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Flgure 7.17  Partial current Jensity curves for Bath
3, obtained using a rotating disc :
electrode (Mughoghe and Orchard 1993).-

Since it is rather unusual for both the anodic and
cathodlec partial processes to exhibit such potential
independence, the OME was used to obtain current
density curves over. a much shorter period of timé, in
an only gently stirred solution. The current den‘sity
curves rhus obtalned (Figure 7.18) are similar to those
obtainm: using the RDE., This work was done in
collaboration with Mughogho (1993b) ..
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Figure 7,18  Partial current densily curves For Bath =
' -~ 3, obtained using a quartz microbalance
-electrode. -

Further investigation with the QME is required for the .
study of. the behaviour of this bath. The results
presented here confirm the finding that in many cases,
the rate of the electroless process is insensitive to
solution agitation (Section 7.4.1; Chno 1991, op '_cit.) .
Thus the rates of the partial processes of Bath 3
appear to be Limited by a non~electrochemital step. The |
- dramatic effect of additives on the plating rate of
this bath observed by Mughogho suggests that
* interfacial dynamics, re‘arrangement of reducing agent
or metal ion complex are of prime importance in the
mechanism of this bath. .
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7.4.3  Addition of sodium acetdte to Bath 1 and
Bath 2~ - | |

Acetate has been reported to affec_t. electroless plating
rates (Pearlstein 1973). The effect of addition of
acetate to both of the above electroless baths was
. marginal or beyond the detection limit of the OME as
_used in the experiment, Further experiments with this

compound were not undertaken. | ' " :
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7.5 | EI-ECTROCA.‘I‘AI-YTIC ACTIVI'I‘!’ oF NJ.-P AND N:!..*B o
DEPOSI'.I!S ' '

7.5.1  The Ni-P alloy

' '?.-5'_..1'.1 Eledtr6Chemical st:udies

In this _section,' :_ the influence_ of different
ﬁickelwcantaining__ substrates. on  the rates . of
electrpless n:i.ckel. plating and its constituent
half_-reactions is reported (Gafin and Orchard 1993),
Low temperature {35°C) ‘nickel baths were employed,

 since catalytic effects would be expected to ‘be more -

prominent and readily _detectabie under such 'c':ondi.tiOns.
‘The useful properties of Ni-P alloys have attracted
consiflerable research into their structures, as well as
their mechanisms of formation (Hofmann and Weil 1990,
D:Legle et al. 1988, Hefland et al. 1992, Zelle III and
Landau 1992). o

When OMEs with surface coatings of either electroless
nickel or the partially stripped electroless nickel
 were rinsed in water and returned to the electroless =
plating solution at. open circuit, the typical

potential-time and mass-time behaviour was as shown in | |

Figure 7.19 and #figure '?.20, respectively. Normal
electroless plating is evidenced by a potential of
=~0.92 Vv and a constant r.ce of increase -in mass of
about 7.5 x 107 g cam? &7, o
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Figure 7.19

Potential vs. time behaviour during open
circuit re-initiation of autocatalytic
deposition at 35°C on partially stripped
deposit (A, B) and non-stripped

- electroless deposit {(C, D) (see also

- Figure 7.20). -

o - Substrates |
g 20 -_—P-qrﬂdli'y strlpped |- e
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" Figure 7.20 Mass change pe: unit area vs. time

behaviour during open circuit
re-inltiation of autocatalytic deposition
at 35°C on partially stripped deposit (A,
B} and non~stripped electroless deposit
éc{'DJ.(Sama experiments as in Figure

19} . o :
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'Electroless nickel substrates initiated fairly quickly
(< 20 ), while ~the partially stripped deposits
displayed longer initiation times (over 120 s in one of
the cases shown). The initiation times were
_ 1rreproduc1ble, as indicated in the Figures. More
significantly, the 'phnsphorﬁs~fich-'deposits_.showéd
potential excursions (overshoots) during the initiation
'process, to more'negative_poténtials; befo:e_returnipg _
 ‘to the normal plating poteﬁtial;“during_the overshoot,
the plating rate was substantially higher than during
steady state plating. The potential-time behaviour
described above - Was also seen on 51m;larly treated

 glassy carbon - substrates.

 The electrode potentlal was also' followed - during._
| 1n1t1at10n of autocatalytlc dep051tlon frém Bath ‘1 on

‘other substrates, including copper ‘treated with P4,
copper, and Ni-B. The results of these meaSurementS are
presented in Figure 7}21r-It can be seen that Pd, a
well knowﬁ catalyst for electroless Ni, also caused a
potential ovérsﬁoot,'acccmpanied by a steepér"slope-in
the £requency change vs.;time curve during this time
period ' (10-20 s). This phenomerion is ‘typical of a
system. of = coupled simultaneous - electrochemical
réactions where the mixed potential is . determined by
the rates of the reactions. The mixed potetial value

is closest to the equilibrium potential of the faster
reaction (Smyrl 1981). The effect of a good
electrocatalyst serves to increase the rate of at least
one electrode reaction, and this may be achieved by
lowering the activation overpdtential; On a highly
active electrocatalyst, one possible consequence would
be a shift in the mixed potential to a more cathodic
value. Since the deposit. covers the substrate, the
effect will be observed only in the initial stages of
deposition;"lt: was concluded that ~ the partially
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_'Stripped'”'Nié.'j'deposit" exhibitS electrocatalytlc )
_'activ1ty different to that of ‘the mather materlal. . '

Because of the'”surprisingly high” activity of the

partlally Stllpped depoSlts, it was decided to examine "

| the early stages of the plating proceSs in more detail

In view of the erratic initiation times at open- Lo

circuzt, a8 potentiostatac method for studylng Lhe
lnltlatlcn process was chosen. :



201

- (a)

ENve.SCE

(b)

108x AmA+/gem2 st

08 |
08 | |
Y2 . B == Eisclrolass NI-B
L
0.9
_1‘0 rj_ ] .'.l.':,. 1 | TN T e
1] 20_45_90 8Q1W12014016015ﬁ200
t/s
140
120 |-
100}
ao
o |-
A0 I
i ] !in-(:opw
20 | == Patiadium
! ~ == Elactrolass N-8
ol <7
] n_uu-nuln'uju“...',._“"“.”““.”._“_
..z.n.l- YR WU NS VO SV OV N VUN NSOG[N SN N SR |

0 20 40 60 80 100 120 140 160 180 200
t/s

Figure 7.21

Initlation_of electroless plating on
various substrates: {(a} electrode
potential and (b) mass change per unit
area vs. time.
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Three types of substrate nickel fllm were studled under '
_potentvostatic gonditions: o _

{a} electroless nlckel (si}, S .» .

(b} partially stripped electraless nickel (82), and '
“{c] puze electrolytlc nlckel (SB)

When QMES-GOﬁted with such deposits were placed into
the é19ctroiess platiﬁg‘solﬁtion and related solutions,
unaer _ pctentlostatlc rontrol, h cﬁrrentntime' and
mass~t1me curves ‘such as those shown in . FigurA 7.22
- and Figure 7. 23 were obtalned In order to investigate
“the behiaviour of the contrlbutlng half-reactions both
in comblnation and in- 1solat10n, studies were carried
out in - D .

(4 the full plating bath (Bl),

{ii) - a bath without hypophosphlte (B2) , and
 {ii1) = a bath lacking in nickel ions (D3).
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Figure 7.22 Current-time bebaviour of various

surfaces in different solutions during
the early stages of potentiostatic
deposgition at -0.250 V. Key to surface,
solution gombinations: 81, 52, 83 are
electroless Ni~P, partially stripped Ni-P
and electrolytic Ni, respectively. Bl, :
B2, B3 are compleste electroless bath, the
bath without H,P0,” and the bath without

- Ni®*, respectively. For clarity, plotting

symbols show only every 10th datum,
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Figure 7.23 -Mass change per un;* area vs. time
' behaviour of wvarious surfaces during the-
early stages of deposition at -0.950 v,
For ey to surface:solution combinationsr
see Figure 7.22, For clarity, plotting
symbols show only avery 10th datum. =~

For - most combinations of substrate, solution and
potential, & steady state was re-established within
100 s, as indicated by the measured cursent and plating
rate. in keaplng with its unusual activity at open
circuit (Figure 7.19 and Figure 7.20) the phosphorus~
rich substrate initially gave substantially higher
plating rates than the other surfaces, when placed in
the electroless nickel bath, '

The mass change data of Figure 7.23 are readily
~transformed into partial cathodic current densities for
- the plating process, J., by mesns of finding the slope
of a fitted curve, described as follows. Where the data
ware found to be linear, the partial cathodic current
density was taken as the slope of the line over the
full range multiplied by an appropriate conversion
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factor'(as described in Section 5.7.4; Orchard 1988b).
Where an initialiy nonflinear resporse was seen, a
polynomial was fitted over the appropriate rgnge,"with
the first derivative being used to calculate the
current density. A linear f£it was performed on the
remaining data in the set, and. the slope treated as
described above to yield the steady state partial '
current density. (No physical interpretation was made -
in connection with the polyhomial; it was used simply
to enable caiculation. of the current deﬁSify } Data
regarding rates of deposmtlon are presented in Table
7.2, ' '

Table 7.2 Cathodie current densities at 20 and 200 s
' after immersion in Bath 1, the electroless
nickel plating bath, for the data presented
in Figure 7.24.

| Potential | = Substrate ' -
/V vs. SCE D t =208 |[t=200s
~0.875 |Partially stripped " 9.8 | ~1,44
_ |Normal Ni-P - -0.99 | -0.99
-0.95  [Partially strlpped i -=12.9 - -3.3
 |Normal Ni-p - -3.2 | =-3.2
T -1.025 |Partially stripped -9,0 ~5.3
Normal Ni-p - 1 -5.2 - -5.2

With reference to Table 7.2, the effect of the fresh
- partially stripped surface on j, can be readily seen,
However, at ~0.875 V a difference can be noted between
the value of J,(200 s) on the two substrates. Since
this result appeared to be in conflict with the other
observations, the differences in frequency change with
time {fxom which j, is ultlmateiy calculated) for both -
substrates were campared '



The difference in frequency between _subsequ;ént readings
was calculated -for' the datsa in the linear regions of
‘the respective data sets (see Figure 7.24a and d). Mean
‘and variance, as well as pooled variance - were .

calculated for theISe data, and the means were compared
at the 5% level. The results are presented in Table -
7.3. It was found that the means of these frequency .
dilff-;ere'nces did not differ significantly from one
another, and thus it was concluded that the small
irariéticn noted was due to the internal variance of the
measured frequency change at this potential. At -0.875
V, very little deposition is occurring at 35°C, and
fté@uency variation . from surface relaxation . nay be
la'i:ge.. in c:_omparison ~ to- that brought about by
deposition. | ' |
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Table 7.3 I-Iypo’ches:Ls test to determine the
: gignificance of the difference noted in J,., _
values on Ni-P and partially stripped Ni-P
during steady state depositiomn. L

! statistic for fregency |  Ni-P ‘pPartially
chenge in the linear | | stripped Ni-P
- '~ reglon : S S A2)
fumber of observations | . 287 | 199
Mean * e -11.031 -16,367
edian o | - ~11,000 - |  -16.000
-Variance (s) . 26,233 56.546
' -Pmoled variance (s} *k . 41,409

Conf idence 1evei

[pegrees of freedcm*’ B T 4aBd
| . o 1.40

_Cr:.tical value' - - 1.70

Xy

*' _' s-.zm.zlafly mean{2)

: mean(_l} = X1

; s . (m-Vsi + (nz—-l)s{
*h g2 o= o T _ (7.3)

sxx t = [K-Ka)/spfi/m + /8 o {7.4)

Negleciing  other  cathodic  processes  occurring
simultaneously with reaction (7.1), applicatic‘)n of
Equation (2.30) permits calenlation of j,, the partial
anodic current density. (The true value of j,, the rate
of reaction 7.2, would actually be greater than the
value calculated in this way since cathodic processes
not leading to mass change on  the electrode would
contribute to the cathodic partial current, and this
increment must be accounted for in the anodic. partial
current according to Equation 2.30, However, in this



208

work, iﬁterpretation of the data focuses Primariiy_cn*_'

'jé, the rate of the’ cathodic dEpGSltlon of nickel, and

is therefore not compromised ) Selected plots of Jou
j. and J, versus time are shown in Figure 7.24(a~%f),

~ when the potential was held at the values indlcated.

These data span potentials on either side of the normal

- plating potential which is close to -0.82 V. Again the
‘unusual behaviour of the partially stripped surface 1in
the early stages of plating is evident. By 100 s

however, most memory of the oriyinal surface has been

eragsed, and the different substrates are behaving
similarly. During the initial stages of platlng, thg
cathodic partial current density is greater in

-magnitude on the partially stripped residue than on a
' normal electraless nickel substrate, A complete set of

current density curves for the various combinations of
" substrate, bath compositibn-and'potential is given in
Figure 7.26 to Figure 7.33. {Figures 7. 24 and 7.25
contain data selected from Figures 7. ?6 - 7. 23 Y

Although some small artefacts of the data werk—up can
be observed in the final form, it is felt thatwthﬁﬁ
this does not detract from the qualitative
-interpretaticn of the results, For example, the

~ polynomial fit and linear fit sectlons of j, and j, do

not meet exactly at about 60 s, in Figure 7.24{e and
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Figure 7.24 Selected current density vs. time curves at three

' potentials on the electroless and the partially
stripped deposit, respectively. Moderately stirred
solutions at 35°C, For ~larity, plotting symbols show

- only avery 20th datum. '
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Figure 7.25

Current density curves over a period of
200 s, at potentials -0.875 V, -0,850 V¥
and =1.025 V in the complete Bath 1,
using an electroless Ni-P substrate

(Ni-P) . For clarity, plotting points show
every 20th datum.
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Figure 7.28

Current density qurves over a period of
200 s, at potentials -0.875 Vv, -0.950 Vv .
and ~1.025 V in Bath 1 lacking in H,PG;,
usiug an electroless Ni-P substrate '
 (Ni-P). For clarity, plotting points show
every 20th datum, ' '
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. Figure 7.25 Current densify curves over a period of
: ' 200 s, at potentials -0.875 V, ~0.950 V

- and -1.025 V in Bath 1 lacking in HPO,",

using a partlally stripped electroless
Ni-P deposit as substrate. For clarity,
pletting points show every 20th datum.
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Figure 7.3]1 Current density curves over a period of -
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(Ni-P}. For clarity, plotting points show
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Three possible different factors might be expected to
- influence the initial rate measured on the partially
-strippédfsurface.as COmpared'with normal -electroless
nickel. These are, firstly, a change in surface area;
 _Second1y, a change in the specific;catalyttc;activity_
~of the surface, and; thirdly, the contribution of a
specifically adsorbed species - produced during
stripping. L o _

As -a tesult of the removal of the less ﬁoble
crystalline phase from the amorphous matrix, partial
stripping might be expected to preoduce a rougher
surface of gréater -active 'a;;a. Since the
piezoelectrically sensitive area, which is governéd hy
the 'rear electrode ~of the crystal, would 'remain
‘constant, this could lead to an erronecusly high
plating rate wmeasuremen’. In this connectiOn; it shouldf
be noted that the deposition rate of this_electrbless-
plating solution is insensitive to the rate of stirring
{Feldstein and Amodic 1969) or rotation of the
electrode (Orchard 1988a). Since the plating rate is
not under mass transfer control,'an increase in the
‘micro-roughness of the surfade would lead to a greatet
measured' plating rate. Another roughness~dependent
effect is the coupling of electrolyte solution to the
shear oscillation of the electrode surface (Beck,
Pittermann and Weil 1992). As the plating process
displaces'solution from low spots and smoothes out the
surface, the measured mass change would be less than
 the actual mass of the deposit formed, since the mass
of cdupled solution will decrease. This effect would
bppose the primary surface area effect, but would
probably be insufficient to cancel it entirely. To
explain rate enhancements as great &s that seen on the
partially stripped surface at -0.875 V (Table 7.2)
would require that the active surface area is actually
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about ten times the superficial area. An examination of -
eleczron micrographs (F_gure 7.34 - Figure 7.36) of the
various surfaces suggests - that this '_is_ highly
' improhéble, since the surface morphology does not
significantly change during platlng, partlal stripplng"
and recoatlng. '

Quite apart from.subh’conéidérations,Lit is difficult

to fully explain the potential -o?erShootsz at open
circust  (Figure 7.19) and the  concurrent higher
dep'os'ition rates (Figure 7,20} in terms of a simple
_'physiCal ~ surface area efféct._ -Enhanced '_surface

patalytic activity provides an alternative explanation
‘of these observations. Studies of the electrochemistry
" of this plating bath have shown that there is a
 significant mutual interaction between reactions (7.1)

and (7.2); they are both faster in the full electroless
bath. than in isolation under otherwise identical

-conditions (Flgure 7.7 and Flgure 7.8, Sectibn_7.441,.'
Orchard 1988b). Furthermore, j, in the full eiectroléss-'
bath depeﬁds exponentially 'ont potential over a
' substantial range around ‘the mixed potential; in
contrast, the derived J. value is virtually indepéndent
of potential (Figure 6.5, Section 6.2.2, Figure 7.5,
Section 7.4.1, Gafin and Orchard 1992, Qrchard 1988b).
- Thus the anodi¢ process is rate-controlling, and the
obsetved plating rate increase during the negative
potential excursion (Figure 7.19 and Figure 7.20) is to
be expected. | o

It therefore appears that in the presence of the full
plating solution, the phogphorus-rich; partiaily
- stripped surface is_a better catalyst for the oxidation
of hypophosphite ions than is eleéctroless nickel

itself. This will lead to a higher nickel deposition
rate in two ways: through the interaction between the
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processes and.ﬁhfouqh'the'negative shift in the plating
potential. Based on the earlier measurément of  the
dependence of -the platlng rate on potential (Section

7.4, Orchard 1988b), the maximum potential overshoot

shown in - Figure 7.18, <0, 040 'V, would by 'itsélf give'
rise to an increase in Jc by a factor. of 1, 9. H0wever,
the nmximum rate 1ncrease derlved from the slopes of
the curves in Figure 7.20 about 3. 3  times,
"conflrmlng that a  second 'efféct (the lnteractian-
f_ between the half—reactlons) 15 probably operating._

Alternat1VEly;. if-'the poteﬁtiai aﬁershaét_'énd'_rate_
increase are epti rély the result of a higher substrate =
area; the Impllcation. is that the nickel. depositlon
process,_reactian {(7.1) is moving into a region of.
mass transfer control, giving rise to a concentration
overpotential. D - S o

It is'”thérefcrerlﬁrdposed_ that an enhanced catalytic

activity, rather _than'_any chénge in actual- surface
~ area, is primarily responsible for the effects noted on
the partially stripped electroless nickel surface. The
sharp positive excursion of the net current seen in at
short times in Flgure 7.24(d) also supports the
 suggestion of a particularly reactive combination of
catalytic surface and reagents. A similar investigation
of reinitiatien behaviour, wusing phrspherus-rich
electrolytic Ni—P.deposits_(produced'after the-method
of Cargill (1979)) as substrates, did not exhibit
‘either the potential -ovefshoot- or the initial rate
.enhancement; | '
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Figﬁ_re.' 7.34 Electron mic:rogr'aphs" of virgin 'goid, and
electroless Ni-P deposit on gquartz
microbalance electrodes.
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Figure 7.35% Electron micrographs of electroless Ni~P
: deposits on quoriz microbalance
electrodes. The partially recoated | :
deposit was plating at an enhanced :r:ate
- when removed from solution.




Figure 7.36 Electfcn micrograph of electroless Ni-P
o " on a quariz microbalance electrode. The
deposit'waS'partially_stripped, then

- recoated with electroless Ni-P. until the -

steady state dep051tlon rate was
”observed

7.5.1.2 ¥PS characterisation of deposits

X-ray photoslectron .3pectrbsc0py (XPS) was used to

determine the chemical state of the surfaces of the

nickel and Ni-P alloys. In the characterisation of
electrode surfaces, the XPS spectra should be ocbtained
with as short a delay as ‘possible following the

. electrode process(es). Furthermore,_ tranasfer of . the

electrode to the ultrahlgh. vacuum. chamber should be

performed in an inert atmosPhere. This facility was not

avallable in the instrument used for the present work.
It remained possible, however, to obtain useful

information about the natur’e of the electroless-

deposits, by performing avgon 1on_'ablation of . the
surface layer. '
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XPS spectra of the '-electﬁolESB Ni-P depos:.t _("as'
produced  and = partially strlpped), _and  an
e_lectmlytidally_fdr‘med Ni'.depasit are glven. in 'E'_igur}es_
7.35 to 7.39. The Ni{2p 3/2) and P(2p 3/2, 2p 1/2)
regions are shown. All 'spectra_ _we:;e ‘corrected according
_ to the. offset of the C(ls. 1/2) peak, which has a
. binding energy ‘of 284.5 eV. The XPS spectra obtained
for the ‘various n:.ckel«-contaz.ning depos:.ts were - no:.sy:' .

prmr to the. argon ion ablatlon, a’ common phenomenon

 when _surfa_c;e._s are ox__:_l.dlsed or c:ontam:.nated_ ‘Following
 the ablation 'treatmeht‘,__ t'h_e;'. relevant 'peaks:: were more
'ciéarly "defin.ed.'. Literature values of peak positions
were obtained - fram Wagner (1990) pp.  599-608, and
Diegle et al 1988) K These are presented in Table 7 4.



rTabie;7.4'- Blndlng energies of Ni, énd P, and some of
- ' their alloys and compounds (Dlegle et al.
1988} _ _ '

._ Element or = Nifzp "b 2p S Coﬂments
compound . . :

i |852.3 | - Trure crystalllne B

P 1 - | 129.8 Jjamorphous red

N T [852.3 | - |Metaliic Ni-20B

e 4 = ] 129.2 |Rlemental Ni- 20P

1i,P T | 857.0 | 133.4 |Powder

MNam,po, . | -~ | 132.4 |powder

- Bro, o~ | 134.0 - {Powder

Na,®HPO, . | -~ 1 133.3 |Powder

PO, . | - 133.5 |Powder -

[Nipo, - | 856.6 | 133.3 [Powder

wiso, - | 857.4 | -  |powder

iNlC-‘- T jese.s | - Jowder

Nio - | s8sa.1 | - |Powder

o . | 884,3 | . - .. |oxidised Nz.

Nio - | 853.8 -  jnot specified

Nio 854,2 | - - |powder

Nio, - 855.5 | . - -  |Powder

Ni,0, ] 855.7 | -  |oxidised NiO

Ni0, 855.6 | -  |o bombarded Ni

i(0H), $55,9 -~ {Powder

Ni(oR), 856.4 | - _ |not spec1f1ed

Nigomy,  |8s5.7 | - |Powder

Ni{OH), . [855.8 | -~  [|Powder

G-NL{OH), _ |:855.8 | -  [om Bt electrode

m—Nl(Qﬁjz S 855.8 - lon Pt electrode -
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- -Table 7}5 Xps peak posmtions for Ni and leP depo51ts 
' 3 on Glassy Carbon. All values were obtained

from kinetic energy raw data, and eorrected'

to the carbon (ls 1/2) peak position.

Spectrum

Treatﬁent_

Peak

Binding
Energy
o JeV

Possible
Chemical State

CINi (2p 37/2) Untreated-' 2 | 856.8 INi,P; NiPOQ,; Mi0,
Figure 7.35 Argon ion 1 852.6 |Ni; Ni-xP
___ablat;on: 2. | 859.5 jmip
I '(2'p'3f_2' Untreat_ed. L | 129.7 |elemental P -
land 1/2) | | 2 | 133.6 [NiP; KH,PO,
Friqure 7.35 [Aroon don | I | 130.2  |elemencal Ni-xE
gu |ablation

| 1 53.6 [Nio; Ni-xP
Ni (2}'_3 3/2) Untreated 2 857._1 .j_Ni,P?. Ni{pH}z
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'Thé .changes 'bbservéd in the spectra' {viz. peak 
positions, relative 1ntenslt1es} brought about - as a -
: cons@qﬁénce of - argon _io ablat:r_on of the full
electroless and partially strlpped ‘deposits are of -
prime interest. Peak posit*ons of the spectra obtained
in this work are listed ln Table 7. 5 ' '

Iﬁ the unsputtered sample of'as4pr6duCed electroless
Ni-p (Figure 7.37), the Ni (2p 3/2) region shows two
peaks, 'indicating"thaﬁ=.nickél is present in both
metallic and oxidised form. The peak toward the higher

binding energy is due fo oxidised nickel, either a

compound of Ni and P;,or“a.nickel3oxide or~hydfo$ide.
The signal to noise ratio in the unsputtered samples
made exact 'determinatibn of  the 'peak positions
difficult., A broad peak 6 ~- 8 eV higher than the
nickel(IIi'peak'may b; a'shake4ﬁp satellite, further
_confirmatlon of the ‘presence of nickel(II) {Briggs and
. Riviére 1990 pp. 130-131). Argon ion sputtering results .

in an _enhancement of the lower binding  energy peak -

(about 852 V) which arises from metallic hnickel. An
~oxidised form of nickel was ‘still present after
ablation {about 858 éV). Subsequent sputtering dld not
alter the form of the spectrum.

Two forms of .phosphorus may be identified in the
spectrum of unsputtered electroless Ni~P (Figure 7.40).,
Elemental P gives rise to a'peak at around 130 eV, but
| the signal ‘at this pbsition is not significantly
greater than the noise. A peak arising from an oxidised
form of phosphorus is noted at 132 - 136 eV in the
unsputtered sample but it is not possible to identify
the species. [The P peaks are doublets in this region
(Briggs and Seah 1990 p. 641) and are not resolved in
these spectra.] After ablation the strongest peak is at
' 1ower blndlng energy, i.e. about 130 eV.
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. The spectra obtained with the partially stripped
deposit (Figure 7.38 and Figure 7.41) exhibited peaks
at the binding energies expected for both oxidised and
reduced forms of nickel and phosphorus. Successive

~ablation, however, had a marked influence -on the

spactra  of both nickel and phosphorus (2p)  binding
energy regions. In the case of nickel, the intensity of
~the metallic Ni peak increased with succéssive
ablations relative . to the ©peak expacted from
nickel(II). The higher binding energy peak of
,phbsohorus was'most intense on the untreated sample, .
with the . lower blndlng energy peak becoming much more
signlflcant as the surface was exposed to argon ions. A
'peak at 132 eV was seen on the untreated sample but was
- not present, or could not be resolved, after ablation
This peak may be due to NaH 2P0,, accordmg to D:.egle et
al. (1988}

The electrolytically produced nickel deposit consisted
of oxidised and reduced nimkel prior to ablation, with
the metallic Ni peak becoming more pronounced with
argon ‘ion ablation. No phosphorus peak could be
detected. '

These results are in support of the findings of Diegle

et al. (1988) as described in Chapter 4, Section 4.2,

that anodic oxidation of Ni-P alloys results in a high

concentration of oxidised phosphorus on the surface.

The form of phosphorus preaent was - - proposed to be

' ‘hypophosphite. This was subsequently confirmed by'
Hofmann and Weil (1893). ;
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Figure 7.37 ¥%PS spectra of electroless Ni-’P,._ in the
' Ni (2p 3/2) region. Deposit produced in
-Bath 1 on a glassy carbon substrate.
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Figure 7.38 XPS spectra of partially stripoed )
electroless Ni~P, in the Ni (2p 3/2)
region. Deposit produced in Bath 1 on a
glassy carbon substrate, and anodically

 stripped as described in the text.
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Figure 7.32 XPS spectra of electrolytic Ni in the Ni
' {Zp 3/2) region. Deposit produced in Bath
1 (in absence of H,PO, ), on a glassy
carbon substrate. '
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Figure 7.40 XPS spectra of electroless Ni-P, in the P

' {2p 3/2 and 2p 1/2) region. Deposgit
produced in Bath 1 on a glassy carbon -

. substrate. :
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Figure 7.41

XPS spectra of partially stripped
electroless Ni-P, in the P (2p 3/2 and 2p
1/2) region. Deposit produced in Bath 1
on a glassy carbon substrate and
anodieally: strlpped as descrlbed in the
text.
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In the llght of the mechanlsms of N1~P oxldation
descrmbed by Dlegle and co-workers (1988), and Hofmann
and ‘Weil {(1993), it is conceivable that during . the
partial stripping of thé;allny; adsorbed H,P0,” (i.e.,
the P{I) specieé) is formed on the residual - surfabé:“
This could then act as a brldging ligand for nlckelﬂ in N
this case it is clear that the rate of autocataiytlc'
Ni-P deposition | Could be - positively influenced,
particularly if adsorption of H,PO,” is the rate

"determining step. This process has'beén'suggested'as '

being rate determlning under certain conditions {Ohno.'
o 1891). '

The pdssibility “that adsdrptic'n'- of H,P0,” to ‘the metal -
is rate determining is high. The computer simulation of
- the oxidation partial process described by Chno (1991}

showed how the rate of the adsorption (7.5) or OH

attack (7.6) could, in cértain ‘circumstances, be rate
'determinlng Ohno's generallsed mechanism is presented

step 1: | _ _ .
RH + O —» [Rl + HO0 +e (k) (7.5
step 2# _ _
[Rl.e + OH° — ROH + € (k) (7.6)
~step 3 _ _ _ _
| [Rlae + 20H = [R(OH) ], + 267 (k)  (7.7)
step 4:

[R(OH),l, —> R(OH), (k) (7.8)

{where k, is the rate cdnétant of step n;)
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~ According to Homma et al.'(1991);”andfﬂbmma,_Yamazaki
_and Osaka (1992), a complete electroless Ni-P film may
~hawve an average thickness of ébout 30 ﬁm-(i.e;;_growth
'is not always uniform). This is significantly higher
than one monolayer of Ni or P, or a mixture of these
two elements. Thus up to this thickness the original
- substrate may be exposed to the plating solutlon.'ln

~ the _present _work, ‘the enhanced plating rate of tk-*

partially stripped surface continues until a f£ilm
'thickness of about 100 nm has been formed, and adsorbed
hypophcsphlte must still be exposed and active up to
this average thickness. The wvalue of 100 nm - was
estimated from the maximum mass deposited prior to the
change - 6f slope in Figure 7.20 (curve S2Bl), using a
density of = 7.9 g cm®. Adsorbed = hypophosphite = is
‘unlikely, therefore, to play a major part in the

initial enhancement of the deposition rate of nickel on

tle partially strlpped surface.

I+ is most likely,'thErefore, that the.effect'seen on

the partially stripped deposit is a consequence of the
nature of the material, i.e., amorphous Ni-P, rather
than simply the enriched P content. Reérrangement of
the hypophosphite to its active form may be more rapid
on the amorphous phase than on the crystalline phase.
The possibility that the catalytic activity of Ni-P is
different to that of Ni was considered by Jusys and
co~-workers (1992), but at that time no evidence in
support of this had been noted. Flis and Duquette'_
(1984) attributed differing induction ("incubation") -

times on Ni and Ni-P to differing rates of dissolution
of surface oxides, the oxide on the latter being less
protective. Haruyvama and Ohno (1988) demonstrated that_
the oxidation cof the reducing agent depends onh prior
dissolution of an oxide film which may cover the
surface. The observation of finite yet erratic



237

‘induction. periods in the present work is consistent
 with this proposal, since thé stripping process may be
expected to produce such an oxide on. the surface (the
XPS studies do not serve as sufficient confirmation
because the electrodes were exposed to. air ‘before
- examination) . '

| The strong potential dependence of the cathodic

" half-reaction (alloy deposition) and the relatively
- potential-independent rate of H,PO,” oxidation (Section
7.4, Orchard 1988b) indicates that although these
partial proceésses are not independent of éach other, in
this - bath the interaction _i_s not due to direct
coupling. In other words, the electron transfer
‘processes occur between ions and the électrdc_ie rather .
than directly between the adsorbed lons themselves. The
present work confirms an interaction of the partial
processes and in addition shows that the more noble,
'amorphoué Ni-P gléss ‘is more catalytically active than
the allby comprising the g¢glass _and Fee  nickel -
supersaturated in phosphorus. If it were possible to
examine the catalytic activity of the less ncble fcc
nickel supersaturated in phosphorus in the -absen'ce of.
the a,morphous giass, further identification of the
catalytic mechanism could be expected. |

As a log'ic:al consequence of these arguments, it is
proposed that the ‘amorphous phase contributes a
disproportionately high fraction of the - catalytic
. activity of the electroless nickel surface. Partial
stripping of the electroless Ni~P results in adsorbed
H,P0,”, which can play a minor role in incréasihg the
deposition rate in the initial stages. Further study
should lead to a greater understanding of the catalytic
activity of the amorphous Ni-P surface. In particular,
it may prove to be a useful catalyst for processes
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other than eiectroléss, nickel plating, such as
hydrogenation 'reactiono’ Ni-P émorphous alloys have
indeed been reported to be useful catalysts in styrene_
| hydrogenatlon (Shen et al. 1993} '

7.5.2  The Ni-B alloy

7.5.2.1 Electrochemical stt;die.o i

”~Durrng anodlc stripplng of the Ni-B alloy, oniy one
current peak was obserVed Partlal stripping, such as.
in the case of the Ni-P alloy, was therefore mnot
possible. In view of this, the approach adopted 1n the
'investlgatlon of the oatalytlc property of the NI—B
alloy was to obtain current density diagrams on

{a) the as~plated alloy, and '

(b) essentially pure nickel produced electrolytlcally_
~ in absence of reducing agent.

These substrates were 1nvest1gated in

“{i) the full bath (Bath 2},
(4i) the bath where Ni had been omltted or
(1ii) the bath where DMAB had been omitted.

In the aSSessment of the resﬁlts in this_section, the
partial current ‘density curves of the complete bath
{Bath 2) on the as-plated electroless Ni-B surface are
‘used as reference, The 'potentials chosen for the
lnvestigation again spanﬁed' the mixed (piatiﬁg)
potential pf Bath 2, which is_-1;02 v.

Figure 7.42, Figure 7.43 and Figure 7.44 show the
current density curves under the various conditions at
the three potentials of interest. As would be expected,
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_ja.has a low maqnltude at more cathodxc potentlals, and;-
e has low magnltude at’ the more anodlc potential for |
the full alloy in' the full bath. This trend is -
followed, for the most part, when the pure Ni substrate 

'is used in the full bath. The effact of the substrate

- on the rates of the partial_prQCesses_was considerably
more subtle than those observed on the partially
‘stripped Ni~P alloy (Section 7.5.1) and, in order to
_ identify significant features in the data, statistical
~ techniques were employed. - S

'1Ana1ysis'of'variance (ANOVA) was applied to thé data of
. cathcdic current density, and the average. value of
_ anodlc current den51ty determined in the periods 9 to

12 seconds, and 194 to 200 seconds. -The values are

' presented in Table 7.6. A description of ‘the ANOVA
‘technique is glven in. Appendlx v. '

J_-XNOVA-- for j;,' was calculated only for the data from the
full bath (Bath 2) and this bath containing no DMAR,
and similarly; - for the anodic partial current'density
- ANOVA was calculated only for the full bath and for the
bath containlng no Ni“ The F-ratio was tested-at the
95% level. - | |
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Figure 7.42 Partial current density curves for various substrates
: o and compositions of Bath 2, electroless Ni-B., All
results at =0.900 V. Top row: Full Bath 2. Middle row:
Bath 2 without Ni**, Bottom row: Bath 2 without DMAE.
Left column: Ni-B substrate. Right column:
electrolytically deposited Ni substrate. For clar:.ty,
plotting points show every 20th datum. _ .
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Figore 7.43

Partial current density curves for various substrates
and compositions of Bath 2, slectroless Ni-B. All
results at -1.020 V. Top row: Full Bath 2. Middle row:
Bath 2 without Ni*. Bottom row: Bath 2 without DMAB.
Left column: Ni-B substrate. Right column: :
electrolytically deposited Ni substrate. For clarlty,
plotting points show every 20th datum. :
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Figure 7.44

Partial current density curves for various substrates
and compositions of Bath 2, electroless Ni~B. All
results at ~1.100 V. Top row: Full Bath 2. Middle row:
Bath 2 without Ni®**. Bottom row: Bath 2 without DMAB.
Left column: Ni-B substrate. Right column:
electrolytically deposited Ni substrate. For. clarity,
plotting points show every 201:h datum.
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~ Table 7.6 Data used in the ANOVA calculat.ons for the
anodic and cathodic partial current
densities measured in Bath 2. The cathodic
current density represents an average value
. over the entire period of measurement. -

| applied | Bath * }substrate| 4, | 4. -

] Ja
[potential - 9wlZ2 s 184~200 s
SCE 1 /B cm? | /mR em™| /wA om?
20.900 | Full | Ni-B [3.444  |-0.374 |3.661
-0.900 | Full | N4-B [3.289 -0.205 [2.921
| -0.900 | Full Ni - [2.665  |~0.341 |3.355
| -0.900 | No Ni*{ Ni-B. [3.78% . [|-0.002 |3.388
-0.900 | No Wi | Ni 3.431  [~0.015 |2.738

<0.500 |No DMAB| Ni-B |-0.178 |-0.045 |-0,104
-0,900 |No DMAB{ Ni  |-0.138 |-0.023 |-0.106

| =1.020 | ®Rull Ni~B [1.351  [-1.092 |1.257
[=1.020 | Full | WNi~B [1.371  |-0.905 [1.147
|=1.020 | Pull | Ni-B [1.457  |~1.200 |1.454
[ -1.020 Full | Ni.  [1.017 ~1.044 [1.179
-1.020 | No Ni% Ni-B ]J1.771 -0,018 [1.470
[~1.020 |No Wi* | Ni-B |1.721 = |~0.025 |1.464
~1.020 | No Ni® | Wi |1.334 _ |0.018 |[1.033.
~1,020 | No Ni* Ni  [1.3%2  lo.014 |1.056
-1,020 |No DMAB| WNi-B [0,013  [-0.676 [~0.259
~1.020  {No DMABY Ni . [-0.103 [~0.401 [-0.147
-1,100 | Full | Ni-B [0.391  |-2.470 [0.513
~1.100 | Full | Ni-B [0.284  |[~2.071 [0,429
-1,100 | Full Ni  [0.331 -2.292 [o0.496
[~1.100 | Full | Ni  [0.331 = }-2.243 [0.461
-1,100 | No Ni* | Ni-B [0.702  }-0,064 ]0.575
|-1,100 |No Ni*{ Ni  [0.436  |-0.029 [0,329

-1.100 |No DMAB| Ni-B |-0.554 |-1.986 -0, 263
~1.100 |No DMAB| Ni _ |-0.425  |-1.601 |-0.078

* Bath 2, complete or in the absence -of Ni? 'or'_ in
the absence of DMAB. '

ANOVA for the cathodic partial current density (Table
7.7) indicated chat only two effects were significant
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at the 95% level (i.e., where the p-value is less than

0.05}, These were potent;.al {as would be expac:ted) and

bath composition. The l::tter s:.gn:.ficance is further_
confirmation of the interaction between the anodic and
cathodic 'partial processes in Bath 2 and is illustrated
in Figure 7.45. In this Figure, it is clear that"the'
- mean c:athodic current density has a larger magnitude in
_'the full bath than in the bath containing no DMAB,
' While the magnitude of Jo 'is greater onm NJ."'B than on
Ni, this effect is not significant at the 95% level.
- Thus at this significance level it cannot be stated |
that  Ni-B iz more catalytically active for the
reductidh'of nickel(II) than is Ni. | 3
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Figure 7.45 Means plots for the effect of applied

potential and bath composition on j, in
Bath 2 and in this bath containing no

DMAB. N '



The ANOVA calculations for the anodic current density
are summarised in Table 7.8 and Table 7.9. At the early
stage of measurement (9-12 8), the bath composition,
the nature of the substrate, as well as applied
potential, are significant effects. A three-way
int_eradtion was shown and is presented in Figure 7.46.
This interaction shows the complex ensemble of -
_catalytlc activity and interaction of partial processes
lead:r.ng to electroless nickel plat:l.ng and oxidation of
DMAB,

 Plotof Means

o 3-way interaction
- _ F(2,7)=7.02; p<.0212
35 e : . _
o _
B 2.5 e i “'/
T of
3 —; r
sﬂ. 1‘5me --.--n4l
S 1} : _
0.5 i % e _
5 o ok o e
0
BATH FULL NoN™ EATH FULL '
Ni-B o ' N
' —o~ 0,800y :
- e 1,100V

Figure 7.46 Three—way interaction of appl:l.ed _
potential, bath compos;tz.on and na,tua.e of
the substrate on j, during the 9-12 s
period of measurement in Bath 2 and in
this bath c-onta:ming no Ni% -

It was found that the residual_s for s (194-200 §) _
exhibited a fan shape when plotted against applied



o-potentlal or. predicted velues, indlcating that a date B
transform was necessary. Thns the natural logarlthm'of :

Fa (194 200 s, wag used for ANOVA oaloulatlons (Table'
-#,9) Besides applied potentlal (where, as expected, ja
'decreesed in magnitude = as potential was made more
._ cathodic), the effect of substrate was found to be
significant. The mean value of j, (or 1Inj,) was Llower
~ on pure Ni than'on.ﬂi~B_efter-194's of measurement when
all poteotiais were'considered. In addition, a two-way
interaction ‘was noted, ‘namely between bath composition

and ‘pature of substrate. This. interaction  is
illustrated in Figure 7.47. The logarithm of Jj, was
-_elmost unaffected by substrate in the full bath, but
strongly affected by substrate when nickel(II) was
._absent from fhe solution. That is, the magnitude of the
 anodio current density during the later stages of
measurement was lower on Ni- than on Nl-B, partlcularly
: 1n the latter bath. An interpretation of these effects
' can most easily attribute the stability of 'j in the
full bath to generation of a Ni-B surface, whereas in

 the bath lacking in nickel ions, the pure Ni substrate

was initially less active to electrocatalytic oxidation
~of DIMAB, and remained so throughout the measurement
period. ' ' ' '
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Two-way interaction effect between the
bath'camposn.tmn and the nature of the
substrate on j, {194-200 s) in Bath 2 and

~in this bath containing no Ni%*,
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ANOVA simmary of all effects on the
cathodic current density in Bath 2 and
~ this bath containing no DMAB.

Table 7.7

Effects: l=Potential; 2=Bath composition; 3=Substrate|
* indicates significance at 85% 1eve1'
Effect| df MS af | Ms r | p-level
Effect | Effect | Exror | Error S :
1x | 2 |4.4731 | 5 |0.02793]160.173]0.000029 |
2% 1 [0.6593 | 5 |0.02793{23.6076/0.004638| .
3. | 1 Jo.0437 ] 5 ]0.02793}1.5631 [0.266538
12 1 2 [o.0185 | 5 [0.027930.6621 [0.555772]|
| 13 | 2 |0.0145 | 5 ]0.02793[0.5173 |0.624897
23 | 1 - [0.0511 { 5 [0.,02793{1.8296 [0.234120
| 123 2 |0.00734} 5 [0,02793}0.2628 {0.778871
‘Table 7.8  ANOVA summary of all effects on the

anodic current demsity (9-12 seconds} in

Bath 2 and in this bath containing no

Effects: l=Potential; 2=Bath composition:; 3=Substrate |

* indicates significancea at 95% level

Effect

df

0.02711

000386

df MS MS F p-level
Effect | Effect | Error | Errox

1% | 2 |10.4075| 7 |0.00386]| 2696.94}0.000000
2% |1 lo.63427] 7 [0.00386[164.3860 {0.000004 |

3% 1 [o.49972] 7 [0.00386(129.495 |0,000009

12« | 2 ]0.04233| 7 |0.00386|10,969 [0,006962
13% 2 |0.05064] 7 [0.00386[13.124 10.004282 |

23 | -1 {o.00051] 7 [0.003B6[0.132 [0,727397

(123% | 2 7 7.024

Jo.021211]




Table 7.9

ANOWL su:mm'ary: of all effects on the

 ‘natural logarithm of the anodic current .
'density (194-200 seconds) in Bath 2, and
in thls bath contalnlng ho N1 ' :
Effects: 1=Potential; 2=Bath composition; 3—Substrate=:
ok 1ndicates smgnificance at 95% level '
Effect| df | MS | df | MS F | p-level
B | Effect | BEffect | Error| Error | | .
— [z i e8] 5 [0.61045]445.555]0. 000000
[T 27 1 {o.o0i185| 7 |0.01043]1.1360 |0,321884
3 [ 1 Jo,14914 7 [0.01043[14.2971]0.006882
12 |2 j0.00432] 7. |0.01043[0.4145 |0.675871
13 2 jo.o098il 7 10.01043{0.9405 [0.434720]
[23 1 fo.13038 7 |0.01043(|12.4975[0.000531]
| 123° | 2  l0.01223]| 7 [0.01043|1,1723 |0.363805 |
‘Thus, it has beeﬁIShowh'that'the'Ni¥B ‘alloy enhances
the anodic partial ‘process (i.e., acts as an
electrocatalyst), and may enhance the rate of nn.ckel
deposition. The resilts presented in this Section are
indicative of a situation where the continued .
regeneration of Ni-B alloy surface is partly

responsible for the enhancement of the rates, and it is
not simply the contemporaneaus reductlon and oxldatlcn
- partial processes  which:  the  observed
enhancement The deposition of Ni does, however,
by a different mechanlsm when DMAB is beinyg oxldlsed,
as opposed to electrodeposition in the absence of this
reducing {c.E. 7.9 - associated
discussion) '

causes
occur

agent Figure and
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©.5.2.2 XPS characterisation of deposits

XPs investigation of the Ni-B deposit from Bath 2
_ yielded less infomation' about the Ni-B alloy th_an was
obtained in respect of the Ni-P alloy. The detection
limits of the XPS instrument are such. that at atom
 percentages less than 1-2%, depending on conditions,
peaks due to the relevant species may not be noted.
Boron was detected only prwr to argon ion sputtering
of the surface. A reference peak for NiB has a b.mdlng_
energy of 853.2 eV, which is very close to that of the
Ni (2p 3/2) (852.3 - 852.7 eV) and a peak for NiO
{853.8 - 854.2 eV) (Wagner 1990 pp. 607~ ~608, Diegle et
~al. 1988). This proximity of peaks llkely to be seen in
_ the depos:l.t may have obscured the NiE peak.

7.5.2,3 Catalysis by the Ni-B alloy

Interaction of the partial processes, namely, oxidation
of DMAB and reduction of nickel(II), has been noted
(Figure 7.8, Figure 7.9 and Section 7.5.2.1). The
enhanced catalytic activity of Ni-B over Ni has ‘been
shown to contribute to the rate of the oxa.datlon
part:l.al process (Section 7.5.2.1).

Lelental' {1875) obs_erved that a Ni-Cu alloy enhanced
the deposition rate in an electroless bath containing
nickel {II), coppeﬁ:(II) and DMAB, This effect was
attributed to the promotion of weak chemisorption of
hydrogen on copper, or, more geperally, on the Ni-Cu
alloy. Lelental, who could not detect boron by BAuger
electron spectroscopy, found that the boron content of
the alloy could not exceed 1%. Lelental thus did not
attribute catalytic enhancement to the presence of



boron, ut to the presence of copper in. the deposit.
'The results of this thesis, however, clearly show that
the'presence of bozon does contribute to the catalytic
activify'of the alloy. Boron acts as a promoter of the :
- catalytic. process. The interaction of the partial
- processes ls separate to ‘this effect, resultlng in the
enhanced depositlon rate of nickel in the+presence. af
DMAB. This is a consequence of the mechanism leading to -
‘electroless nickel deposition. Further meckinistic
studies are required .to identify the cause of _Ehe
mutusl enhancement of the partial'prccesses; | 3

7.6 - CONCLUDING REMARKS

. The activation energies of the electroless reaction in
the two low  temperature baths (Baths 1 'and 2) were
determined using the quartz microbalance ‘electrade.
These ‘results differed from llterature values The;a

‘was no clear rveason for these differences, but. these
results were not felt to detract from the validity of
other.glectrochemical.data obtained using the QME.

Current density curves of the:partial processes'in the
low temperature electroless baths were cbtained using a
quartz microbalance electrode, Thne result thus obtained
for a bath employing HPO,” as reducing agent was
compared to that obtained with the aid of a_rbtatiﬁg
disc electrdde. These results were seen to be_éimilar,
eliminating the possibility of mass transport c¢ontrol
in the mechanism of this bath. Semi-logarithmic plots
of the cathodic current densities (in |3j] vs, E) of the
low temperature baths in the presence and abserce of
reducing agents were Significéntly different. This is
indicative of mechanistic differences in the deposition
of nickel under the various conditions. Ne bulk
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interaction of the ‘metal complexes and the re.'ncing
 agent was nuted by visible range spectrophotometry.
| Little interaction,  if any, between phosphite (an
oxidation product of EQPOZ)~ and the aqueous  Ni% -
complexes was observed in the abeorptlon spectrum

" The eieCtrole’ss: Ni-P allo_y'wa_s seen to be a _two’-phase
deposit, by virtue of two peaks on an anodic stripping
‘voltammogram. Partial stripping of the .1loy yielded a
phoephoi:Us—rich' residue. This residue catalysed
- electroless nickel deposzhlon from the HzPoz redﬁced
| bath at a rate greater than that observed undexr steady
| state conditions on ‘the vm_rg:.n, or aswdepos:Lted Ni-P
alioy._XPS'results_indicatedgthat oxidised P exists on_ -
the surface to a greeter extent efter partial stripping
than on the virgin electroless deposit. It is likely
tha_t__t_hie_ pﬁosphorus is present as _H,.PQ;_._.I | |

. The in:.tially enhanced destltiDn rate on the: partially" |
stripped surface may be attributed to higher
electrocatalytic activity of the partially stripped
P-rich residue, or to the presence of'adsorbe'd H,P0,", a
" product of axidation" of the alloy. The presence of t_his '
adsorbed species may temporarily "enhance the rate of
dep_cisition until the surface regains' 'a steady state
condition, if adsorption of the reducing e'gerit is rate
determining. - The 'adsdrption_ process will then be
unnecessary and O attack (Eguation 7.6) can take
. place, followed by  the rema:i.n:l.ng steps. of
electrocatalytic oxidation, and conseguential reduct:.en
of Ni**, This effect is, however, considered to be less
likely than a catalytic effect breught about by the
altered surface composit ion and structure.
Rearrangement of HPO to a more reactive form, or OH
attack may be enhanced on the more active surface.



- The. Ni-—B deposit was :anestigate\r’ in a simllar manner-'_
| as the Ni-P alloy. Since only one stripps.ng peak was
'seen in an anodic sweep on this substrate, it was not
poss:.ble to examine catalytic act:l.v:l.ty of any phase'
" other than that of the bulk dep051t.

The'Ni—B al loy’"was seen to have a promoting effect on
" the . rate of DMAB. ox:.dation, over pure nickel. 2An.
mc;reased rate of nickel depos:.tmn was observed in the_ N
presence of DMAB - The parta.al current density of the
oxidation of DMAB was pos;.tlvely affected by the_
 presence of trace amounts of B’ in the deposit. The well

known catalytic phenomena of synergism and sp:.:_{.l_-ovg;f

' appear to be appl;.cable te the Ni-B deposit, . in "that'_.:
the boron can  modify the surface condltions
sufficiently to enhance catalytic activity. Since the -
boron is only present in small amounts, catalytically
active centres on -the surface can initiate the .
oxidation process, with _redﬁctio'n occurrihg some
distaﬁ_ce away by virtue of spill?-—over . effects. XPS
studies on the Ni~B alloy did not give any evidence of
a Significant concentration of an NiB species, this

 being below the detection limits of the instrument. It

is acknc:_wledged that ho accurate detexminatiqn of the
- boron COntent of the alloy has been presented. Analysis
by inductively coupled plasma - opt:Lcal emission
spectroscopy is recommer.sded. "
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