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A STUDY OF THE MECHANISM OF ELECTROPOLISHING OF COPPER
Kaoru Kojima '
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Chemical Engineering, University of California
' . ‘Berkeley, California

PR

~ ABSTRACT

‘DiffﬁSibn kinetics'bf'the'active dissolution of copper in phosphoric

‘acid was studied under both,galvaﬁostatic ghd poténtiostatic'conditions.

in'agreemenf with Elmore, and Hickling, et al., the first voltage rise

in galvanostatic experiments, as well as the onset of current decrease

“'in potentiostatic experiments, isvinterpretéd to be cauéed by exceeding -

the sdlubility limit of copper ﬁhosphate_at the anode surface. The
ﬁdtential,-or current Value‘fespectively can be predicted by evaluating -
the rate of transport of copper phOsphaté away from the surface.

Re-examination bf'published'experimenfal data, as well as numerical

evaluation of a néwly pfdpdséd theoretical model, indicates that in-

electropolishing the concentration of phosphoric acid at the anode surface
is far from zero; pH ~ 2.

Correction of literature values of anodic-dVerpotential for ohmic

_potential drop between anode and reference electrode and for concentration

overpotential reveals that in the active dissolution range the behavior

Cof charge transfer overpotential can be well fepresentéd by the Tafel

relation; the calculatéd*?alﬁé bf‘da is similar to that reported for
diésolutibnvof_coppér ih“égidbsulféte:media.f.-" | |
The chafactéristicvcﬁrreﬁt peak'separatiqgvthe active dissolutién _
region from the_éurrént piateau, wheré polishing ocecurs, is shown to
résult_ffom increasing coverage df tﬁe anode'surface by.cuprous oxidé

with-increasing applied_poteﬁtial.
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_'Thermédynamic and-fransport Calculations'lead to a coherent picture
of thevsfability of cupfous and.éupric oxides in ihe'Brighfening—polishing
range., A reinterpretation of impedance dats bbtainéd by-Ohashi, et al.,
on oxide—éovered copper anodes indicates that the r;nge of thickness of
the 1nv1s1ble layer responsible for the pollshlng actlon is 13 - 12h A
Optical observatlons, thermo&ynamlc calculatlons, and 1mpedance data

1nd1cate that ln the polishing region the Qx1de cOverlng the surface is

‘multilayered, probably cbmpoéed of layers of Cuéo, Cu0., and a higher oxide

of copper.
A method is presented for the prédiction of the éurrent density:

range suitable for electropolishing under various hydrodynamic conditions.
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I. IN‘I‘RODUCTION
The pollshlng of metalllc surfaces by means of anodic dlssolutlon
was first proposed by~Jacquetl in the 1930‘8.* Since that time electro—'
polishiné hes become a standard method for‘obtaining metallographic
samples and it has also been employed‘asvan indusﬁrial-finishing process -
for metsllic objects. Because of its economic sigﬁificance, the process
of eleotropolishing has'drawn fhe attention'ofvmeny investigators both

in industry and in academic institutions. Indeed; there is a suprisingly

B large number of scientific publications and pafents concerning the

eleotroﬁolishing of metals.

Operating conditions in the electropolishing process, applicable'to
metals of technicel interest aﬁd‘to'a lerge'rariety.of single orrmﬁlti-
phase alloys have gradually been establiehed by triai and error methods.
Table ignrshowe elecﬁropolishing eohditions-moef‘frequently ueed | |
for. copper ahd its alloys. Althouéh.much experience haevbeen eccumulated
on electropolishing ﬁhenomena’of metale in.variOus electrolytes (especially
for the Cﬁ/H3POﬁ system); no definiti#e theory hds‘so far been‘proposed‘
which satisfactorily accounts for the phenomena'in quantitative terms
and gives a rationel basis for the design of the_eleotropolishing ﬁrocess.

A study of the electropoliShing of copper in,oohcentrated phosphoric

- acid has been chosen as-a vehicle of this researchbfor the followingr

reasons:
'l; The Cu/H POu system has the longest hlstory 51nce the . dlscoveny

of electropolishing; serious attempts to explain,thefmechanism of .

Electropollshlng phenomena were reported however, in the patlent liter-
ature already before Jacquet (See Ref. 2"t), :



Table I. Electfopollshing conditions for

copper and . its. alloys (24" L.

Solution o Cell | g | g
Composition Use . ° . Voltage =~ Time Remarks . -
H0 175 ml Pure. - _ 1,0-1.6 10-40 min Copper o
H.PO)(85%) 825 ml  Cu | ‘cathode -
H20_3oo ml Cu, brass,  1.5-1.8  5-15 min  .Copper -
HBPOL(Ss%)'7oo ml Cu alloys cathode - :
T except Sn :
bronze . f
" H 0 600 ml a bfass,_ ‘ 1-2 _1-15 min. Copper or
and o~y brass ' : : stainless
H : .
Poh(857) 400 m1 Cu-Fe, Cu-Co cathode ;
HQO 1000 ml Copper S 1-2 10 min Copper
pyrophosphoric brass ' ' cathodié
acid .580 g ;
(H,0 500 ml Copper and ~  —-——- R P R —
EtOH(95%) 250 ml alloys | ;
H3P0u(85%) 250 ml ;
H0 830 ml Brass  ~ 1.5-12 . 10-60 sec  ~——-—-m-

Cro_ 170 ' :
0, 7‘ 23 _
H O MSO ml - Bronze to L . 1-5 min- 0.1 A/Cm2 ;
. Pou(857) 300 ml - 9% Sn.
580, 160 ml | |
H,0 330 m1 . Bronze to .,'__;____ 1-5 min 0.1 A/cnm” : ‘:f
H Poh(857) 580 m1 6% Sn ' ' o
. |
HZS_OA 90 m..]T . {'
MeOH(abé) 660 ml Copper, - : h0;70 v10—60.séc Explosion - '

HNO3 330 ml brass, alloys - - ' hazard

See ASTM Standards, part 31, 1965.
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electropolishing in this particular systen haye been made during the

‘past twenty years, in part inspired'bytwagnerfs diffusion theory of

electropolishing; in spité of a great number of patents granted for

electropolisning systemskother than the Cu/HBPOh system; there have

been much less detailed and accurate data;published'on‘most’of these.

2.

From the intensive 1nvest1gatlons done on the Cu/H POh system

the followlng sallent features of electropollshlng have been establlshed:

a)

b)

c)

. e').

The typlcal xelatlon_between anode current density and anode
potential shows: bl) strong dependence-of anode current density
on anode potential in the active dissolution of-copper, and
tne appearance of a limiting current density in a wide range
of anode potential (current plateau*); with the breadth of

about one‘volt, 2) strong dependence of anode current density'

'vonoanode potentialoin'the anode potential region where oxygen

evolution is obseryed.

Under given hydrbdynamicvconditiOns copper specimens are

brightened or electropoliShed depending,on the anode potential

at the current plateau.

There is almost no doubt that the anodic dissolution rate of

copper is under diffusion control'at'the\current-plateau.

!

. Weak convection (forced laminar flow, natural convection, or.

forced laminar flow with natural'convection) is desirable for

satisfactory electropolishing.
At the current plateau, copper phosphate (a reaction product)

lS probably in' a state of supersaturatlon and the v1scous

Ve define here the current plateau as the region of B to F in Fig. 2.1,
although this region has the decending section BC,
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layer" ih'immediate’contact'with;the anodé is likely fb be
. .str\ongly' acidic, . -
) Wéll'electropolished cbbéér:sPeciménS'ére—mirrdrrlike'and have
"o piftiﬂg either on the macro or microscale.
_ g)‘iUnder the béstvconditions of electropolishing, éhe anode specimens
| are covered with a solid film. |
It shoﬁld be noted, hQWever,‘thaf most of thevinférmation pﬁblishéd so
far on this system has ﬁot been brouéhtvihto a'éoherent picture; a
‘QuanfitafiVe»Aescription of the @ynamics of this proéess is to be developed.
| 3. Mass transfer under”the‘hydrodynamic cohditioné favorable for
good eiectrbpolishing'is well understood. |
It ié fhe purpose of'thié reséércﬁ to select reliable_informatidn‘
from the literature by means of cafefﬁl evaluétion, to combiﬁe it'with"
new obégrvations; and finally, to‘establishza theréﬁtvtheoretical basisﬂ‘
of electropolishing, ‘If is hoped that a study‘aiong these lines will
represént‘an importaﬁt sfép foward de&élopihg thé eiectropoliéhing tech-
hidug-—whichvis still one.bf'thé technical arts——té tbe level of an

engineering process.
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II. A REVIEW OF ELECTROPOLISHING OF COPPER

A. Gepe;gl De3crip£ion'0f'Copper Eleotropolishing :
Before‘various aspeots ofvthe'compliceted phenomena of electro»
polishihgeére described in hore detail; it is desirable to give'a general
desc;iption of copper electropolishiﬁg*iih phosphoric acid*¥* based on
Jacquet’e pioneering work,; andvon Hoar and Rothwell's definitive study.3

The Work of Jacquet

'The‘eaiieﬁt features of’copper'electropolishing found'by JacQuet
may be”summarizedeas fOlloﬁsf

A copper‘surface anodically dissolved'insaqueous solutions of

phosphoric acid becomes as bright as‘though.it‘hed_beeh polished, if

voltage and current dehsity are kept within definite limits. If properly
controiled, anodic dissolufion_will reveal fhe crystalline.structure of
the metal. The phenomenon seems to be based on the oassivation of the
anode and 1s a functlon of concentratlon polarlzatlon. Jaequet also
notlced that a v1scous llqold layer is formed adgacent to the anode and

that the anode potentlal 1s the most 1mportant controlllng variable.

'

The woxk of Hoar and‘Rothwell
Using a'horizontal disk aoode facing upward in a hbrizonta; channe;
of feetangular shape under fairly well controlled conditions in terms ‘
of the anode potential and flow of eiecffoiyte,_Hoar‘and Rothwell.have~
found the following: ) |
.In 6, 8; and 10 y phosphoric;aoid, diséolution\with etching, i.e.

1

Electropollshlng of cogper at room temperature, except. otherw1se

specified, See reviews 2", 2"" for general references.
*%
For brev1ty phosphoric ac1d w111 be used throughout this thes1s 1nstead

of orthophosphorlc acid,
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active disédlUtion,océurs up to the limiting current dénsity,* ét which
polishing‘sets in. Various tyﬁés of ﬁearly pérféét or 6f defecti&e
polishiﬁé occur.depending on thé ahode potential'énd.flow rate. While
a brighf sﬁrfacé'is bbtainéd Within £he voltage rangé cbrresponding to
ﬁhe section BD of the anoaé polarizafion curvé shown in Fig. 2.1 (a
schematic curve of.£he anode polarization), the anodic dissoluttion not
only producés a.bright surfacé, But also réveais the stfucturé of the
anodevmetal, particularly wheﬁ the applied voltagé'ié cioSe to the value
correspohding to the beginning of the section éC.' In the potential
region EF, correspohding to the beginning of the.éscending section FG,
the surface of the anode is aiways bright ana smooth; the "best electro-
polished" surface is obtéined’in'this regidn,

The limiting current dénsity.in the region EF increases_with aboﬁt
the 0.5 poﬁer Qf'thé flow‘raté. An Arrhenius plot of the limiting» |
_current in this potential region shows that the activation enérgy for
this diésolﬁti&n process is in the range of 3.k —.3;6 kcal/moiej a
reasonable range for diffusionvof ions in the anbdic boundary layer;
Hoar and his co-workers have also‘demonstrated by the "mercury test" the
existence ofva cbmpact solid film on the copper surface'underéoing

electropoliShing_at fhe,current plateau. .

Some of the Problems Raised by Jacquet's Work

Many ‘of the probléms'arising from Jacquet's work, énd left unsolved,.

have been the subjects of intensive studies by a number of investigators.

4

They are: .

* - . -
Current density in the anode potential region BF in Fig. 2.1.

i

T
¥

A

s
?,,’
i
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i) the role of the yiscous layer on the mechanism of electropolishing.
ii)} the physical and chemical nature of the yiscous layer e.g. viscosity,

electric conductivity, density, composition, concentration, pH etec.

+
 d
o
Tt

vfhe exact nature of the transport of ibns or ion-pairs thrqugh
thé viécqus layer; tﬁefdiffusivitiés of’thé ioné ér ion pairs,
the rate determining step, the'cpncentration profiles of the
: reactants and réaction products in thevﬁiscous layer, and the
effect of flow of electrolyte on the over-all rate of copper .
dissolution. |
iv) tﬂe nature of‘the copper 6kide £ilm formed at the anode.
V) thé electfoéhemical reactions taking place'at the anode during
anodic dissolutioﬁ>of copper in aétive‘and passive ﬁode.
vi)_ the meéhanism of the appearaﬁce of limiting,curfent in a wide
r&geqfamﬂepmémﬁﬂfﬂ
vii)  the m?ChaniSm gf élégtropolishing on
béj'macrbséopic scéle flévéling of.coarse projections].
b) microscopic scale'[dissapearance of'crYétallographic fécet_
formation].
viii) 'fhe physico—chemical nature of thé solid'copﬁer phosphate
depqsiﬁed.from the supersafurated solution of copper‘phpsphate.
ix) the nature of tfansport of thé_diffusingvspecies through the:
" thin solid filﬁsv(oxidelfilms) adheringvto fhe anode, and the.
fole of the'solid_filﬁs on_electrqpolishing.. |
x) the relation betﬁeen oscillation'of anéde current or‘potentiél

and electropdlishing phenomena.
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B. The Viscous leyer

.In the eériy stages of inyestigation of eléctropolishing phenomens,,
i.e., béfofevthe middle 1950‘3, the Varioﬁs tHeories of eléctropolishing
t?iedvfo explaih the preferéntiél'disédiution ovaSPérites of the anode
in terms Qf the érdperties'df the "viscous layer" found by Jacquet} In

addition to the fact that most. of the electrolytes used for electro-

polishing are very viscous, the chemical complexity of the "viscous

laYer"'attracted the attention of a nﬁmbef.of.inﬁéétigators. 'The pro-
cedure in most cases was to determine certain properties of this "layer"
and then to consider the likely effect of unevenness in the surface and

whether the observed properties could contribute to a polishing effect.

"The measured,valueé'of physigal'properties; of cdurse5 do not repreéent

properties of ‘an infinitely thin homOgéndus liquid layer in cbntaét
with the anode, but some average values of‘thesé'propérties in the _:

viscous layer.

Viscosifylof the Layer
© The viscoéity of the layer has been measured by Halfawy;h Walton,5
Vozdvizhensky, et’al.,6 and more recently Krichmar.7' The viscosity of

this layer may be a feﬁ times higher than that of the augeous phosphoric

acid béth used.

Specific Electric Conductivity of the Layer

_According to Halfawy,% the conductivity of the layer in 11 M/1

H3P0h is 0.087 Qﬂlémél at 25°C (a_little.more than half of that of the

bulk acid bath).
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DenSLty-of the Layer’

The density of the layer is larger than that of the bulk elec—'

trblyte.hp?I See Table A=2,

Using infrared absortion spectrum, Laforgue—Kantzer8 found that the
dlssolutlon product of copper in phosphorlc a01d may be represented by

(HQPOh) * xH Poh + Cu HPOu - yH Poh Accordlng to Krichmar and

2.
Galushko 9 the anodic disSolution product has the compoeition:

xCu(H Poh)g : yHBPOh'

Concentratlon of Phosphorlc Acid at the Anode

' The knowledge of the concentratlons of the species participating :
in the anode reaction at fhe solution—enode inperface; i.e., phosphoric
acid asva'reactent; copper‘phosphate as a reaction prodﬁct,.and water,
is important for determining the diffusioﬂ kinetics on the liqﬁid side.
The.coocentration of free'pﬁOSphoric acid in the»riscous layer has been

- measured potentiometrically by Krichmar.and Galushko,9 Walton,5 and

Petit.60 If we assume that the compos1t10n of copper phosphate in the'

Viscous layer is approximately Cu(H Poh)2, the concentratlon of free
phoephoric acid in the layer—-when conc H POh is used as the ‘bath-——

is falrly hlgh and far from zero as assumed by Edwardsl'O and Wagnerll

_Concentratlon of Copper Phosphate at the Anode
T, 10 12

p

Several Authors have measured the concentratioﬁ* of copper
phosphate in the anolyte superseturated with dissolved copper ion. The

anolyfe'was separated by a‘porous‘membrane from the catholyte during

* _ o C
" Concentration determined by chemical analysis.



K

[
st
onst
-
L ¥
&
L%
-
L
L
A
emcin
o

~11-

‘anodic dissolution of copper. Figure A-1 in Appendix I shows the

relation between the concentration of copper ion (Cu)* in the anolyte
and.the concehtratioh of phosphoric acid in the bath. It is shown that

thé‘énodicéllyfdissolved copper ion is in a state of supersaturation;

‘the degfee'of supersaturation in agitated solutions is of the order of

0.45 to 0.65 M/1. For the concentration range of 4 to 10 M/1 phosphoric’
acid, this range of concentration differences is shown between curves
1 and 3, assuming that the concentration of copper ions after standing

for some months, curve 3, is close to the equilibrium solubility.

_ Phosphates of other divalent metals** dissolve in phosphoric acid in the

‘13-15

same ranner, This suggests that copper phosphate doesn't demonstrate

a peculiaf behavior,'onenthat differs greatly from phosphaﬁes of several

othef divalent metals.

Solubility Limit
In order to account for electropolishing on the basis of diffusion,

16

Elmoreé™ assumed the following:

i) When current passes through the cell, dissolved metal leaves
the.Vicinity of the.anode for the mqst partvby diffusion and
not by migratién. This réquires thatvfhehééncentration gradient
at the anode Bevproportional at all times to the current density.
Thus, for a plaﬁe'anode_ofbafea A locatéd at x = 0 the current
I is gi#gn by o SR v >{

o yaar , - : |
.'I’=V—AFD_( 1 ) - : : - (1)

9x x=0

- where F is Faraday's cohéfanf,‘Ci is the COncentratiQh of a

. diésdlved metal in eQuivalents, and D is the coefficient of

Concentration determined by chemical analysis.

¥% 4+ o+ +4 ++ ++ ++
Ca. , Mg ,Fe ,Mn ,Mg , Zn .
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- diffusion of a dissolYedpmetal;faésumedatO-bé a constant.
ii)>vAffér thé cﬁrréhtvhasfpasséd'for.a éertain tiﬁe té the concen-
' ‘ﬁ#ation at the anode surface reaches a'maxiﬁum value Cé; the R
. éqlubility 1imit of the metal in the electrolyte. - | | ?;
iii)  At times létér than ﬁ;, providéd that no néw anode reaction T oo
| 6écuré, the current is limited according to Eg. (1) by the . ' }
concentfdtion.gradient which exists at the anode. |
From-thesé assumptions it follows thaﬁ when ‘a limitihg current has
beeﬁ established, as shown by a characterist%c platgau in the voltage;A
curfent'cﬁf?e, metal'going,into.solution will diffuée from high points
on the éurface more fapidly than from depressions, since, near the
former, steeper concentrétién gradients-will exiét. Consequently'the
surfaée‘ﬁili become pfdgressi?ely more smodth. | “

According to this view, ihe solubility,limit is an important factor -

/

in electropolishing. -
For horizontal anodes facing upward on_the bottom bf a cylindrical ' !
pell, according to Elmore's experimental results .

)1/2 = Const.* | - (2)

| 1ty RS
approximately holds for the phOSphoric aéid cbncentratidn range of sp.
gr.: 1.33—1.60 (teméerature;v23,5°—2ﬁ90)ﬂ. In Eq;'(2) the timé'réquifed
for thé onset of»thé drop of tﬁé éﬁrfent Waé,intéfpreted»by Elmofe aé_i
té .¥%  Comparison ofrEq;_(2) with'thé theoretical relafion obtaihed by - ,.—f,

Elmore yields S S S R P 3

*¥The theoretical relation obtained by Elmore is i(t;)l/2 = %fCé AF(7D
¥%¥Time td corresponds to:the‘fime'required for the onset of the anode S ) ;
potential jump, ts’ when the applied current is maintained constant.

)1/2



" and on viscosity. Edwards confirmed that i(ts)

‘i for a given cell.* He also noticed that'thefe is a tendency for i(ts

513-

v 5 : S . v
! 7 e~ Const. ) (3)
- : 1/2 :
T F(ﬂDl,/ , ,
No further study, however , was made on the nature ‘of the'solubility
limit C!'.
s’ ,
A7 : N ' N ' < 1/2 : K
Edwards has studied the dependence of 1(ts)_ on anode area, phos-
phoric acid concentration, copper phosphate solubility (thermodynamic),
1/2 is nearly independent of

)1/2
to be slightly greater then the.mean at ﬁhe hiéhest and lowest Values_of
t_. Because of lack of eXperimental yalues of properties related to the
traneport of the species perticipating invfhe ahodic dissolutloﬁ of

copper , EdWards could not reach a consistent view of bothvthe nagture of

the solubility limit and the mechanisﬁ of the diffusion kineties.
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Investigations similar to those of Elmore heve been.made'by Krichmar,

and Vozdvizhensky, et al;;sl‘both‘have:confirmed the eignificance of the

solubility'limit.

C. Solution-Side Transport-
It was recognized already by Jacquet that hydrodynamic conditions
near the anode'are important in the electropolishing of copper.

Effect of Flow of Electrolyte on leltlnngurrent

Dependence of llmltlng current den51ty on the flow rate of electrolyte
has been. qualltatlvely 1nvest1gated by Jacquet and many others before the

l960.s and more guantitatively in the l960 s. Hoar and Rothwell3 found

that the average limiting current density,¥*¥ iip? over g disk anode

* .
A horizontal anode facing upward.
*% : ' g ‘ . o
Current density in the anode potential region EF in Fig. 1.
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~ facing upward in a horizontal flow of concentrated phosphoric acid is
approkimately o ' . :
: iip m'yo'ha for leminar flow at 18°C (W)

in which V is the maximum flow velocity of the acid solution in a rectan-
gular channel. For a.rdtating disk‘anode, the limiting current density
measured by Zemburél9 follows the relation

i ® (N)l/z' for N < 50 rot/sec

1 . T vn
1.0 -~.15.0 M/1 H310u (5)

in which N ‘is electrode'rotations per second.

Rate~Determing Stage
The rate-determining stage in the anodic dissolution of copper at
the current plateau has been qualitatively discﬁésed by Hickling and
Lol 19 o 10 e e s
Higgins, Zembura, Edwards, and others, but it is still one of the

, cen't be calculated

conﬁroveféial ﬁroblems.'VZeﬁbUra has found thaﬁ.i
by assﬁming thafzphosphorié‘acid'is.the‘controiling species. Acéording
to Hickling and Higgins, the limiting curfent deéreases with the decrease
of concentration differende of cupric ions‘beéween the phasé bound;ry
Aanode/soln{and the bulk electfolyte. However, Hickling ang Higginé'
test was performed only for a dilute éhospﬁoriC“acid.bath where electro—
polishing is not possible. "The role of diffusibn of water on the limiting
current wag discussed by Petit;zo'

It should be noted, howévér,‘that current density is not constant
at the éo—called cufreﬁtvpléteau;feSPecially'whénvfhe polishing‘bath is
only slightly agitated (see Fig.é;l).v‘The raté-determining stage'should

be discussed under‘conditions when the phase boundary anode/soln. is well
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defined, Most work done so far on this subject has completely neglected
variation of the currentvdensity occurring.at the current plateau, partly

because the existence of péak current density at the lowest potential end

of the plateau can be detected only by careful potentiostatic experiments.

Diffusiyity of Copper Dissolution Product |
No‘data were published on the’diffusivity of the ‘anodic dissolution
.product of cooper (copper phbsphate) until Kriéhmar}s work2l appeared
in 1966. = (Some attempt322 were made before to estimate the order of
fmagnitgdeiof the diffusivity:of copper phosphate bj the use of the dif-
fusion equation and the sdlubility of copper phquhaté.)_ Using a pol-
arographic“ﬁethod,,which.is Just the reverse pfqéess of the anodic
diésolutibn in which we are interested, Kiiéhmar obtained the diffusivities
of copéér,phosphate shown in Table A-1 in Appendix I. Kfichmar.proposed
thevfollowing form for the diffusity of copper phosphate at Cp, concen-
ﬁratiqn_of.copper'ion:. | | o

DP = DPQve#pngkaP) ) B : | ~(6)

in which Dp, Dpo,‘represent the diffusivity of copper_dissolution product
at Cp,vand at Cp = 0, respectively, and X is a parameter which changes
:slightly with the concentration of phosphoric acid.

Df:'MechaniSm'of Electropolishing orn Macroscopic
Scale (Mechanism of Leveling)

It was almost 20 yeafs after Jacquet's pioneéring work when Edwards,lo

in 1953, proposed a mechanism of electfopoliShing on macroscopicvscale
based on diffusion on the solution side. Edwards* demonstrated this

for wavy anode surfaces whose wave length was 30 or Lo microhs or larger.

*Experimentai‘verification.of change of-roughneés with time. .
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In the. same yéar; (1953) Wagﬁer*ll éiéposed almathématical.theory
for transient decrease of the peak‘heighﬁ of sinusoidal wavy anode sur-
facés of ;mall values of the:ratio Ho/ag’ ’i-n'wh.i"ch.HQ and gp are initial
peak height and wave length.reépectivély; Wégner?Sjmathématical foim,A

obtained by solving Laplace's equation in two dimensions, is

n F a p‘ HO _ o
it = —-——P——2 e n g o - (n

in Which'il, tyn, F, ap, p, M, and H are average current density over

apparent unit surface area of the anode, tlme,bvalence of the dlSSOlVed

anode metal, Faraday's constant, wave length, den51ty of the anode metal,

molecular weight of the metal, and péak height atAtime t respectively.

Wagner éééumed as one of the boundary coﬁditions to be imposed on

Laplace's eguation that.the conéentration of the diffusing species at

the anodé surface, C,* is zero. As mentioﬁed by_Williams and Bérrett,23

Eq. (7)'&180 holds for the boundary conditions 
’ | | | c* ; éonsténf

and

in whi_ch'Co is the concentration’bf’the diffusing species at a point
far from the anode surface; _According.to Wagner's thebry, current

density_distribution on the wavy surface is given by:

[

= , - v
Prior to Edwards and’ Wagner, the lmportant role of diffusion of the

dissolved anode material on the mechanlsm of electropollshlng was. quall—'

- tatively discussed by Elmore .t
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'

in which~ii.is local current deﬁsity at'distance“xlalong the surface.

' o . Lo . o R .
Krichmar and his co—workersg,'have~made Intensiye investigations of the

énddic'levelihg of rough;surfaces of métals, sucﬁ.as coppér,lbrass, stain-
less steel, aiuminum, and nickéi: Vertical anodes.of sinusoidal wavyv |
surfaée wéfé'dissolv¢d at the-éurrént §1ateau injcoﬁceﬁtrated phosphoric.
aéid or.iﬁ £he mixéd solutions df éoncentrated’phosphoric acid ;ndvsul;
phurié acid ﬁith orlwithout aadiﬁive'agents. The wave lengfh usgd at
their'éxperiments Qas in the range of SO to 700 microns, with initial

peak heighf'less than;one téﬁth wave:length. The.anolyte was se?aratéd
by a pordusjmembrane'from the catholyte, and electfolyte-flow:other

than natural convectién was éuppreésed; ’They found that iog (HO/H) is

porportional to elapsed time t, as predicted from Eq. (7). Instead of

using Eq. (T), they used the relation

- nFa. p o m S' H_ :
11# = Efﬁgﬁ Itanh ap . ;ln ﬁf B (9)

‘in whiéh § is diffusion iayer thickness. The hyperbolic tangent ﬁerm,

tanh (Zﬂd/ap), under their'experimenfal conditions is, however, very ‘
close to unity aﬁd therefore Eq. (9) is approximafely equal to Egq. (7).
fhis shows that Wagner's theoreticai_result is in goéd.agfeemént With
Krichmar énd#co—workérsf,experimeﬁtél results. |

It is to be noted, however, that very little justifi¢atidn'has been

given for why the aééumptions made'by Wagner may. be valid for the leveling

of rough surfaces withvfaiily'large wave length. Our understanding on-
the phénomena of leveling is‘still>far~fromfcomplete even from‘the;

phenomenological point of view.
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E, Surfece State of the Anode

As mentioned in Seéfion A; varioﬁs fypes'ofbnear;y‘perfect and of
defective ﬁolishing'occur at the currenﬁ platééu,‘dependiﬁg on the anode
poténtiai and electrolyte flpw-raté;-v

This beﬁavior”can not be explained by Wagner's'theory, which aséumés
the current‘plateéu‘to Be;éaused'by cohcenfration polarization of a
species parﬁigipéting in the anoae reaction; When thé wave length of a
rough surface is of the ordef of a micron §r léss_(eléétropolishing on
microscopié scale), the tiﬁe reQuiied for obtaining the same peak height
ratio Hé/H:as_that on macroscopic scéle may.be a few orders of.magnitudé
smallgr fhén that required in eleétfopolishing_on macrgspopic scale.
This iﬁplies that é fough.suffaée is leveled on a microscopié scale much
faster:thanvonva macréscoﬁié sééie:

Eleétfopolishing onfthe microsdopié séale is very closely related
‘to the”éurfacefs£ate'of thé anodés, and to the tr&népoff of ions through
the solié_films formed on’the copper surfacé. 'The physical and chemical
properties. of these films‘depend on the anode potential, electrolyte‘
flow ré%é,‘temperaturé, and thé crystailographic strucfure of the copper

substrate.

Microséopic Observation of the Anode Surface*
 In order to.dbtain the potential range characteristic of each type

‘of finish and to study the reaction scheme at the current plateau, the

surfaces of horizontal anodes faéing upward have been carefully observéd_

by Lorkingzsbwith a Leitz "Ultrapak".micrbscope with a plastic extension

fitted to ﬁhe objective. The results obtainedbby Lorking'are-shownvih
. v , . \

* . :
Observations made during anodic dissolution. .

.
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Table II. The anode potential has been measured with respect to a
saturated caromel electrode, but no attempt has been made to correct
the ohmic drop due to resistance between the anode and the reference
electrode.
1
Observations similar to those of Lorking have been made by Jacquet,
3 s 26
Hoar and Rothwell,” Dmitriev, and others.

Surface Condition of FElectropolished Specimens of Copper After
Washing and Drying

Changes in the microstructure and relief of the surfaces of annealed
or unannealed copper electropolished in 72% H3POh have been observed
recently by Grechukhina and Valeev and Palikhov.27 Their observations
show that the smoothing of the submicrorlief, observed with an electron-
microscope (x 10,000), is completed at E = 0.64 volt* (hydrogen scale)
for annealed copper and at Eh =~ 0,56 volt¥ for unannealed copper. .The
smoothing of the microrelief, observed with an optical microscope
(x 400), is mainly completed at E =1 volt* or higher for annealed
copper and at Eh = 0.6L4 volt* 6r higher for unannealed copper.
Vozdvizhenskii, et al.'528 obéervations have confirﬁed the main conclusions
of Grechukhina, et al.

The observations made on surfaces of electropolished copper after
washing and drying are consistent with those made on anode sgrfaces
during electropolishing.

F. Solids on the Anode Surface

Two classes of solids are formed on the copper anode a little below
or at the current plateau. Visible solids include a bluish white solid

copper phosphate, a reddish-brown solid of cuprous oxide, and a black

*
No ohmic drop correction.
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Effect of anode potential on the surface finish

and appearance of the anode surface.2?

Range of Potential
(E,

Surface Finish

)*

Appearance of
Anode Surface

Etch

Border etch

0.21 to 0.37

and polish 0.37 to 0.4
Polish 0.4 to 0.7

Matt surface 0.7 to 0.9

Medium current 0.9 to 1.4

density polish

Pitted surface 1.% to 1.7

High current 1.7

density polish

Red-brown film on surface,
grain structure distinct.

Grain structure gradually
vanishes, oxide film
becomes transparent.

Black film detached from
surface as rolled-up
sections; level surface
of high reflectivity.

Matt appearance given by
series of lines of small pits.

Level surface of high
reflectivity.

Indented mounds, surrounded
by shallow trenches

Good polish

*With respect to a saturated
correction.

caromel electrode and with no ohmic drop




-21-
film, probably cupric oxide. The question of the presence of an invisible
- solid laYer‘has been a subjecf of investigation by many researchers in

recent years.

Bluish Whlte Solid

As the amount of elecnrlcel charge passed durlng anodic dissolution
of copper increases, the concentratlon of the copper dissolution product
increaSesvnear.the.anode until a bluish white.solid’deposits.on the anode
surface.: The selt obtained by crystalliiation_from the anode layef was

identified by Halfawyl'L by means of its electron diffraction pattern as

29

4Cu0 * P.0.. * H_.0. Guerin and Kozicki found that at the equilibrium

2 5 2

state the solid copper phosphate is of the form, P 50 5 * Cu0 - 2H20 or

Cu(H Poh)2, in phosphoric acid solutlons contalnlng more than 59. 27

PQOS; In the concentration range of 21.5 t0 59.2% P205
+ 2Cu0 * 3H,0 or CulfPO, * H,0, and PO - LCuo' Hgo is formed in

, the solid is

PO
275
acid veaker ‘than 2. .15% P O5

Reddlsh—Brown Layer

From the potential* at which it i#s formed and from its general
appearance, the reddishebrown non-coherent layer certainly cuprous

3525,29

oxidel’ However, this view needs to. be re—examined after correcting-
.for the ohmlc drop due to res1stance between the anode ‘and a reference
.electrode. The ohmlc drop cannot be neglected because of the fairly

high limiting currentcden51t1es 1n»typlcal pollshlng operatlons.

Thin Black Film

From the potential¥* at which.it is formed ‘and from its generel‘

appearance,'the thin black film formed at the current plateau'should be

3,25,30

cupric oxide. Without help of a microscope, it is difficult to-

Novohmic.drop‘correction"
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observe the presence of’this black film as it isﬁfoﬁmed on the anode

surface.

Y

G}; The Invisible Layér on the Anodé Surface
.Aé‘mentionéd in the:previous ségtions,lthe‘appearahée of the‘qﬁrrent
pléteau ih>é'wide range of aﬁode potentiai (apprbximately one.volt); is
chéractérisiic of the electropolishiﬁg process. - -

If we assume thaﬁrthé viscous layér‘in immediate contact with the
anode ié.fairly.aéiaic, and the diffusion rate—aéferming species at the
ccurrent plateau is copper phosphate (as claiméd by'Elmbrél6 and H?ckling
énd Hiéginsle), it follows:thét the anode is iﬁvcontact with a supefs
saturated solutioh‘of copper'phosphafe, as well as with & solid deposit
6f the latter substance; 'Undérvtheée conditions, the pdtential of a clean
surface.bf'coppéf may remain nearly constant ekéébf wheﬁﬂthe degree 6f cov=-
erage of.the aﬁbde éurfécé wifh the solid film iéi#éry close to unity and
the ohmic drop through very small poreé is very high. However, this appears
to be far from'reality;.weil'electropolished céﬁper spéciméns show ho
e#idence df*piﬁiing"either'on‘the macro- or microscale. ;Wé havé little
similafity-to a c;thodic limitipg‘current, which_isicaﬁsed.by the deple-
tion of»éicafion ét,the cathodebsurfacef | |

Great efforts have been made recently to fiﬁd aﬁ invisib}e filmvéf
high,reSistivify, which édheres to the anode surface firmly.

Visual solidé mentioned in the preceeding section may be excluded

from our present conéen, if we accept the following interpretation

proposed by'Mohlbefgér:3¥
i) If the visible layers are solidly bonded to the copper surface,

then a polished metal surface can never be obtained after the

polishing freatment.
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ii). 'If these layers aré\loéatéd at é certain distance from the metal
| surface as arséparate aggregate,'then they do not necessarily
‘ participate.in a reaction‘takingvpiace at the metal surface;

It follows, therefore, that thé‘fisible soiid'caveringflayers cannot:’
parficipaté directly in the elecfropolishiné‘proceSses. Faulfs, pits,
andearf—like projections are certaihly formed on_the metal surface
where the rest of these solid layers can adhere to the metal surface.

In aaditiqn, these visible solid lajers occur only‘inithé case of certain
metalé in certain electroiytes,

Detection of the Layer by the Mercury Test

A simple but effective method to investigate the compact solid film

on the anode is the "mercury test" proposed by Hoar and his co-workers 5?32

/

-These investigétors attached small droplets of meréury.ou horizontal copper

and bréss anodes during electrolySis in 42.5% phosphoric acid solution.

The droplets wettéd the surface in'leSS'thanva second when the'anode

pdtehtial was below.thevplateau at which polishing occurred.  When the

potenﬁial was increased to the point at which electropolishing occurred,

additional droplets did not wet'the surface but remsined immobilized on

the surface or simply rolled off the edge. Immobilized droplets did

wet the surface within a féw seconds when the current was switched off.

They concluded that a continubuSlyvforming and dissolving compact solid
film, absent during etching, is present on the surface df~copper and
brass anodes during electropolishing in phosphoric acid. The nature

of the compact solid film, if present, is of course not revealed by

the mercury test.
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Impedance of the Anddé/Solutidn.interface‘
: = —

»Ohashi-and'Nagaufa
' anode'and é reférence electrode bstuperimposing 8 very-sméll alternatipg

current on the'direct'cﬁrrent used,fdf:the'anodic disséluﬁioﬁ of copper.l
They.have_fbund that undéj the best'eleéfropoliéhing-conditions the
series,reéiétancé and'capécitancevhave‘freqﬁency\diSpersions similar to
those of the passive'film'on iron in concentrated'phCSPhoric acid
(frgquency range of 0.4 to:lO‘KHz). |

A quantifaﬁive analysis-oﬁ‘the méasﬁred impedancé of the anode/
solution interface would be very'desifable to.obtain some inforﬁation

on the électrical'prdperties‘of the invisible film.

EllipsdmétriélMéasurement of the Invisible Layer '

”Anéther "direct".andviﬁ situ metﬁod”to invéstigate éhe.thiéknééé
and‘nafure of tﬁé.invisiblé layer present during eleétroéolishing is
provided by elli?sometry,‘abtechﬁique which has béen widely used in
recéﬂ£ yéars,fofvfhé éfﬁdy of -the péégive‘films_of.mefals. _

Taking greaf care in replaéing tﬁe polishing bath with an inert
organic'iiéuid after electropolishing, Novak, Reddy, and WrobloWa3u
recently measﬁrea relative ﬁhése retardation ahdbrelative amplitude
reduction-asvavanctioh éf anode potehtiél}‘ Theirviﬁvgstigation led.
to thefconclusion that the electropolishing process on a_vérticalianode
in 65%_phosphoric écidvsaturatedkwith Cu++biohs atvthé curfeht'density

0.016 A/cm2 involves the formation of an adherent solid film of at least

40 A thickness. According to this analysis, the upper limit of the film

‘thickness may be 120 A, if the composition of the'solid.film‘is repre-

sented by Cu,0 or Cu(H PO )

2 2"

have measured the impedance between a vertical

s

»
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Physical end Chemical Nature of the Layer
Electropolished copper surfaces after WashingAand drying have been
studied with electron diffraction. Cuprous oxidé'péfterns have been

confirmed?suho

‘Dezidefé%,.Gorbachuk and Sozinhq recently have reported
the following:

A cuprous oxide layer of most perfect grain strn@ture is_fofmed on
ahnealéd_copper specimehé when polishing bccurs at.0.9 A (né ohmic‘drop)
correction) in thé initial reéiqh of the hofizoﬁtal seétion on thé
polariiafion curve, thatvis, when the.electrode surfaces are only slightly
covered ﬁith oxide structﬁres. ‘Thé diffuseness df the grain maxima has
. almost coﬁpletély disappeared from the eiectron;diffraction patterﬁ. 'The _
. grain.of cuprous oxide is also seen for a specimen which hés Eeen prb—

cessed ét 1.7V, A similér électron—diffraction pattérn is 6btained for
tﬁe surf;ce of other copper speéimené treated undéf similar conditions.ﬁ
In contrést to the’ébove Finchhl claims that electropoiished goppér '
surfaces show only the‘patterns of pure copper;' Howefér, in Finch‘g-
‘experimehfé the coppér‘dxide filﬁvcould have.been reduced to copper .
duringvthe,measurement of the difffactioh patterns. ‘According to Sogzin

and Gorbachuk >

cuprous oxide films formed during:the electropolisﬁing
process disappear graduaily at first‘and thén coméletely;_the electron
diffraction pattern characteristic of cuproﬁs o#ide,vdbtained immediétely
_after-polishing, becomes.weaker over avpefiod of>se§eral'déy$_and dis-
'apbears,_after Whiéh the pattern of a.différenffsubstanéevappears.

The question as to whether,cop?er'oxidé.fiims are really formed

during electropolishing may have to be answered with the help of infor-

mation obtained from sources other than electron diffraction.
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Some studies have been made to,determine if phosphate from the

electropolishiﬁg step'remains on the anode Suffece. Jacquet and Jeanh2

showed that electropolishedieopper surfaces retain a phosphorus compound

43

after washing. Simpsdn and Hackerman 'mede a Study_of'phosphorous .

retained after Weshing_using P3? as a tracer. Their‘results show that

depending on the treatment after electropolishing the remaining phosphate

may be of_thé order of a mono molecular layer or iess.
Photoelectrochemical investigatidns of the anodic dissolution of

copper were carried out by Grechkhina and Valeev.hu Their stﬁdies show .

that at'fotentials:eboVe ; definite value, a(ligh£—sensitive film appears

on the Cu surface. The photoelectroehemicel effects at various electrode

pbtentials_differ both in hagnitude and in rate of increase and quenching,

probably caused by changes in the compesition'and properties of the film.
A decrease inlthe extent of etching aﬁd in.the.empothing of.the-micro-
and submicroreliefvof the surface is observed only during the eppearance
of a light—sehsitive film, whicﬁ gives a slowij.quenching photeelectro—
chemical effect.b Polishing of the surface.sets in when e definite ?alue
of this effect is reeched. |

Activation? of the compact solid films on the anode'in‘electfo—

polishing solutions (self-ecfivation) was measured** by Giles and

L5

Bartlett, and Valeev and Petrov.46 According to these investigations

the activation time increases with the increase of the anode potential

For its definition, see K. J. Vetter, Electrochemical Kinetics, (Academic -

Press, N. Y., 1967), Ch. 6, pp. 778. The maximum activation time may be
of the order of 107¢ to 10-3 sec. ’ :
¥

Interruption experiments.
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up .to thé'potential, where the.limiting current density begins to increase
(point F in Fig. 2.1), and then drops sharply‘fo a hearly constant value.

No interpretation‘has been giveh for the mechanism of this self-activation.

Thiokness of the Leyer‘

| As mentioned in the precedlng sectlon the phlckness of the invisible
layer m&y be of the order of 40 to 120 A. The_Order of magnltude of the
‘fllm thlckness can also‘be estimated from the:cathodic reduction of’the
film in a suitable eiectrolyte;pprovided that 1ocgl cofrosioh is negiigible
_ durinngashinghand cathodicvreduction. Lambert and Trevoyh7 es.well as
Allen38 made a cathodic.redﬁction experiment of en electropolished copper
specimen as desoribed below: |

A smooth Cu specmmen was prepared by electropollshlng in an a@ueous

vsolutlon contalnlng 63% by welght of phosphorlc acid, followed by thorough
r1n51ng 1n redlstllled water and ethanol before -drying. The cathodic
‘reduction of the specimen at very low_current ‘densities (uA/cmg) was
carried oﬁt in-solutioﬁs of KC1 of pHA8—9 Coulometrlc measurements
: 1nd1cate that the film thickness is of the order of 15 to 35 A, 1f the
film is assumed to be cuprous oxide of uniform fhickness covering the
entire surface of -the specimen._ However, if we take into account'fhe
.self-actipation of the film during ﬁashiné of the specimen,'it is very
vlikeiy that the film thickness is larger than that obtained by Lambert.

and Trevoy.
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_H.' Chemical .and Eléctrochemical Reactions at the Anode

Surprisingly small numbers of,investigatiOns have been reﬁorted’on
the chemical and electrochemical reactions occurring:aﬁ the anode in the
active'and_passive (current-plateau)'region.:‘.

’ N
Apparent Valence of thé Dissolved Copper

Petit and:Schmitt%s measured the apparent valencé of copper dissleing

in phosphoric acid. (50-87% in Wt. %), using the weight loss method.. The

\
apparent valence below the current plateau¥ is shown below:

E_** :
e R P . v
(v/ECS) - mA/cm . n'

0.170 '3.980  2.000.05
0.120 . 0.251  1.Bk20.05

in which Ec’ i, and n' ére'thebénode»pqtential'with respect to a saturated
caromelﬁgléctrode,'applied curfent'density, and thé apparent valence
respectively. |

Aécﬁiding to Fromént;thwho ﬁsed the‘weiéht ;os§vmethod,'cépper.
dissolveé in the divaleﬁf.state.when EC is higher'than 0.11 volt. |

Using radioacti&e cdpper (Cu6y) anodes, M.fC.’Petit and G. Y;.Petit
measured the ratid P/Q, in which P is the number of counts pef minute of
the rédioactive éopper idns anodically dissbl&ed in tpe soiu£ipn ana Q@
is the total amount of éharge baséed, és a fun0£ion of .the anode bbtenﬁial
or the cell voltage.. In agreement with_Froment'é'résultshg, Petit et al.
found that the ratio P/Q‘is conétant’in the cell %oltage ;ange of O.25+_

1.5 V.
*

The current plateau starts around E,=0.2 Volt in their experiments. 
s : > : Be” 1

No ohmic drop correction. . , '
T(The_cell voltage 0.25 V corresponds to Ec=0.llﬁm) o

oy

50
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Anode Reaction Scheme

Petit and Schmifth8 proposed that copper dissolves in the divalent
state beldw.and at the current plateau:
Cu > Cu o+ 2e”

This view is based on their apparent valence measurements mentioned

'above; it gives no information on the solid films formed on the anode.

Lorking25 proposéd the following écheme:
a) TFormation of a red-brown film of cuprous oxide.

2Cu + H,0 > Cu,0 + 2H" + 2e”
' E*=0.23 - 0.059pH
'b) Oxidation of cuprbus oxide to cupric oxide,
'Cu20'+ H,0 » 2Cu0 + oH' + 2e”
EC*Y= 0.43 = 0.059pH
c) Formation of & thin compadt film of cupric oxide.
. Cu+ OH > Cu0 + H' + 2¢”
oY -

Cu + H O~ Cud + 2H + 2¢”

2
E,* = 0.33 = 0.059pH

Unfortﬁn@tely, no quantative baéis was given by Lonking-in_support of

~ Views similar to Lorking's were pfoposed By Hoar'and Rothwell,3

and Vozvizhenskii and Turashe'v.51

x S : L o
With respect to a saturated caromel electrode.
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' A review of the literature relevant to the anodic reaction schemes

indicates’a strong need for additional quantitatlve work to lead support'

A

to the reaction schemes already_proposed, or to lead to new, definitive

concepts.

Z.I; Mechanism of Electropolishing on MicroscopicAScale*
Jacquet ’2 noticed that under the conditions of the best electro- ]

polishing the anode surfsce attains a macropolish from the moment when

micropolish becomes detectable. In other words, mlcropollshlng preceeds

macropolishing, the smallest 1rregular1t1es dlssappearlng first  #%
"If we apply Wagner's dlffu51on theory. to the mlcropolishlng of
copper, it takes'at most &a few.minutes to reach the peak height, which i

is one tenth or'hundredth_of an initial height H-o for the'Case HO;=-lu,

za.p lu, and i = 0.03 A/cmg, (a model suitable for determing whether

brlghtenlng 1s operatlve for polycrystalllne copper) Undoubtedly, it *

may be difficult to_explaln,by Wagner's theory alone.the fact that finely
etched pits of the order of;micronsvbonh with réépeétdto H and a, do not
disappeer on the anode surface even after ﬁhe.anodic dissolution proceeds
for several minutes (or much longer), if the anode potentiel is kept

. h = 0.8-1.1 V) at'the current plateeu;’ B :
On the ba51s of the fact that the electropollshed copper is covered L ;

below & critical potential (E

with ox1de fllms, 1t has been clalmed by Jacquet 1 Hoar and‘hls co-

3,52 12 25 33, ho hh »51,53, 5l -

and others that some kinds of oxide o ,‘;

' workers,
films formed on the enode may play an important'role_in the micropolishing

process.

Electropollshlng can give. brllllancy to. a surface which is still very
rough on a macroscopic scale. 55, 56
**Surface profile measurements have been made recently.
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Concerning the transpbrtvof iqnsvthrougﬁ‘thé éolid film, several
views have been proposed:
i) Hoaf; et él.:21;3-‘AAsolid film formea'on metal anodes céuses
diésolution of the metal to be_unifofm oﬁéf‘the anode surface,
‘and to be independent of variations in ffeevenergy-due to
anisotrqpy andistruétural disééﬁtiﬁuities; because the diffusion
of ions thréﬁgh the fiim{may be dué to .cation vacancies and the
-paths of ions are réndomly.distributéd. Thé rate of ionic.
"vmigrationvthrough the-film.has'tb be équal in the steady étaie
£obthe rate of the aissblﬁtion of the dissolution of the film.

- The lattergybeing diffuéioh—limited, is constanf'énd potential-
_indépendént, and thus the rate of iqﬁicvmigration must be .
Potential-independenf} T:The rdte of ibnic migfatidn can be
cbnstdnt/if'the film.thicknéss.incréaSes'iinearly with potehtial,

- or'if soﬁe structural changé in tﬁe fiim_ﬁith the increase of

“anode botentiél takes-pl&ée; o

ii) 'Novak, et al. :3h is;‘ané at the ﬁetal-;filzﬁ ihterfgcé cationic

. vaéancies are immediatelyrfiiled in the fast proceés of metél
dissolution, their ;oncéntration at the metalffilm interface is
always'equal:to zerpfand thus;metal diésolves under limiting;
éondifions determined.by,thevrété of creation of vécanciesvat

the film-solution interface, i.e., by the rate of the film

dissolutibn, which is potential-independent.

Some efforts have'beén'made to find the relation between oscillations¥

Osc1llatlon of anode potential under galvanostatlc conditions and of
anode current under potentiostatic conditions.
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andvelectrobolisﬁing;STﬁsg The nature of these phenomena is still hof

well understodd.

J. Cbncluding Remarks>

; There is littie doubt_aﬁout thé féct fhat'both ﬁacro and micro-
polishing are opefétive inder the conditions of_"béSt electropolishing".
It épﬁears“that the nature of maqrépoliéhing is'feasoﬁably well under-
stood. The necessary éonditions are: diffusion qontrol and cbnstant.
concénﬁrétion of a speéiés ﬁarticipating in theféissolution process on
a.mécroséopic‘scéle over the‘entire anode surface. éome useful deéign
calculaﬁions, éuch as.Waghér's rélétiah (Eq. (7)) are already évaiiable
for macropdliShing.' | o

On the other héhd'very little is known of_tﬁe mechanism of micro-

- polishing. That an invisible solid film piays'én important role in
micropbliéhing has been confirmed only recently. Only qualitativev
interprétations have been given for the several types of surféce finish
occurring at the current platean and for the nature of‘the plateau
(types of over-potential) itseif. Studies of reaction séhemes at the
curreht platéau are still in a speculative stage. it_ié evident that
to evaluate ihe role of ioniq’cbnductibn through'thg_sqiid.film; we
need to>learn a great deal more about fhejproperties of the latter;
Since ﬁo_ihfoxmation is avaiiablé on‘the fél&tion_betweén'the eiectrQQI
chemicél paragétér#Aof the iﬁvisible fiiﬁ and the nafure of current dis-
tribution on microséopic écale,;quaiified investigafions are needed in

this problem area as well,'.

&
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ITT. OBJECTIVES AND SCOPE OF THIS RESEARCH

The purpdse'of thié research is to estéblish a coherent theoretical
basis of electropolishing. Eﬁphasis will.be placed on the study Qf»the
mechanism of electropolishing on the microscopic‘écale. Electropqlishing
on the mécroscopic scale is iess.sensitive to the physico-chemical
nature of fhe eleétrolyté nearbthe;anode surface.

El#cidation of the anodic behavior of copper in concentrated
phoéphoric acid at thé current piateaﬁ requires similar considerations
to those relevaht to the passive'dissolution of éﬁher métals (e.g. iron
.and nickel in acid media). However, we should reﬁémber that some of
thé Séliéﬁt features of electropolishing éf metals differ phenomenologi—
gally:ffom the passive dissolution of ﬁetals: |

i) Current density at the current plateau inlfhe electropolishing

 of copper (0.01 - 0.2 A/cm2) is sevéral orders of maéhitﬁde .
higher'thénuthét in'the-passive dissolution §f'metal$.
ii),_Cﬁfrént density in the former is controlled by diffusion, where-
" as that in the latter iéJControlled'gy the rate of chemical
dissolution of the passive filﬁs;
Ciii) vMécfopolishing is nof'obtained* in,the_passive‘dissolution of
'ﬁhe irpn group metais. | o N |

It follows that the prbperties.of thé eleétrblyte at the.anode
surface in the case of eléétropoiishing are very‘different»from those
in the bulk of the.bath;.whereas in the paésivé dissolution bf mgtals

these ‘differences are usually negligible.

* . '
Electromaching operations are out of our present consideration.
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‘Thé ﬁechanismvof formation and ﬁroperties'of‘the invisible film-
(a kind of passive film inva_broad sense*). blay an imporfant role in
micropolishing. The nafure of thé electrolyte at the anode surface, anode
’ potehtial,_temperature,_hydrodynamic'conditioné, purity and crystallo-
graphiéﬁnéture bf coppérvspeciméhs are expééted'féihaﬁévimbortance in
determining ﬁhe character'pf thé‘soiidvfilm on the surface.

Chapter IV deals with fﬁe'diffﬁsion kinetiés on the solution side.
The results described in'thié chapter.afe used‘in chaﬁter V for éstimating
the cdncehfrations and activities of the reactanfs and thg reéction
producfsjat the anode surface. TheSe estimates are nécéssary for the
study ofvﬁhe>reac£ion schemes.in copper dissolution_below——and at the
current plateau, considered in.later chapters.

In Chapter VI the anodeipolarizafion auring th¢ active dissolution
of coppei (beldwythe cﬁrréntvpléteau) is discuésed. .Thé‘significénce _
of the correétion of tﬂé ohmic drqp due to resistance between the énode
and a réfereﬁce eiectrbdé is éxémined. .

Chapter VII deals with theireaction échemés.at the currenf plateau
in relation to formation of the invisible film. ?assivation of the
anode by cuprous oxide, which is importént»fqr ﬁn&erstaﬁding brightening,
is also:discusséd'here.

In Chapter VIII the impedance of the interface anode/solution under

conditions of electropolishing as well as certain aspects of the behavior

of the invisible film-are.discuésed.

Chaﬁfer IX presents a method for pfédicting.the cufrent density

suitable-fdr optimal-electrppolishing.

*
See ref. 61 and 62.

®
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IvV. INVESTIGATION OF SOLUTION~SIDE TRANSPORT

A. Solution—Slde Transport Under Galvanostatic Conditions

This research starts w1th_a'study of galvanostatic dissolution of,
copper in concentrated phosphoric’acid’solutions.viIt is to be noted that
potentiostatic conditions have been commonly‘empioyed.in studies of
electropdlisning. |

Dilute solutions of phosphoric ac1d will not be used throughout

thls research for copper electropollshlng is not achievable in these'

solutlons (see table I).
A review of the previous work on'copper electropolishing (Chapter II)

shows ‘that the current plateau where electropolishlng of several types

' occurs, is d1ffus1on—controlled- It is suggested from the anode polari-

3

zation curves obtained by Hoar and Rothwell~ that the effect of charge

 transfer rate on the over=-all rate of copper dissolution is of little

significance when anode current density is above & certain value near .
the limiting current'dénsity.- Under these conditions, galvanostatic,
rstner than potentiostatic conditions are nore suiteble'for the study
of diffusion kinetics in copper dissolution:

i)v Ap?lied anode’current dengity can be’varied over a wide rangeT
'without.any change of the anode surface stste_of copper under
‘suitahle éalvanostatic conditions. When the current density is
dhigh, it iS’rdther'difficuit'in potentiostatic experiments* to
cmaintain the desired anode surface, for the surface state of the
anode at steady state is mainly determined by anode potential

and hydrodynamic conditions near the anode surface.

* N ' o . ’
Potentiostatic experiments with no ohmic drop compensation.

[



1)

iii)

iv)

v)

'fpotentiostatic dissolution‘of coppef, which requires well defined
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EXperiménts are:éonducted in:stégnant solutions:of'phosphoric
acid.v This makes Both.dissolution_éxpefiments énd'theoretical
célculations'oflmétérial transﬁorf much easier than those in
hydrodynamic conditions to be set up neaf the anode.
Uﬁder galvaﬁbsfatic conditions it is not:difficult t9 Carfy
out anodic dissolufion atvnearly uniform current denéity disé

N . .
tribution over the Whole»anode'sﬁrface, ﬁhereas uniform cufrent
distribtﬁion’on an én6de in flow (laminar-flow or natural
convectioh) is very difficult to achie§e experimentally. Expef—
imental results obtained under the conditions of uniform-currént
distributioh can be easily compared with theorétical éalculations.
A concentration.gradiént is fdrmed ih'the diffuéion’layef ét

the‘anode.according to the current density, diffusivity of iomns,

‘and time. There is no concentration gradient at t = 0. Phyéical

ahd chemical'properties bf'the diffﬁsion.layer are the same at
t = 0 as those of the bulk of the electrolyte. At the onset

time of anode pbtential Jump the properties reach those of the

‘so-called "anode viscous layer" which covers the anode at the -

current plateau. The physico-chemical nature of the viscous .

layer influenceé to a lesser degree the experimental results

- in galvanostatic dissoluﬁion than in pdtentiestatic dissolution

at the current plateau.
When current is pdssed through e cell in potentiostatic experi-
ments where the anode‘potentialvis set to a value in the electro-

polishing region, the électrolyte in immediate contact with the

i“,
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anode reaches the solubility limit (Chapter II) within such a
short time that the initial current change with time is dif-
ficult to follow. When the solubility limit is reached, the
formation of solids (copber phosphate and copper oxides) follows
on the anode. Transient behavior of current which passes through
the solid films and the viscous layer may be very complicated.
Obviously, theoretical analysis of current change with time

under such potentiostatic conditions is too difficult to attempt
at present.

vi) Ohmic drop due to the resistance of an electrolyte between the
anode and & reference electrode, or even a cathode, has little
effect on the time required for the first potential jump, pro-
vided that the first jump is caused by a solid deposit lopsely
éontacted to the anode. In potentiostatic experiments the
ohmic drop between the anode and the reference electrode strongly
influences the current vs. potential curves when the current
density is high enough to cause noticeable potential drop
between them. . |

Because of the potential importance of galvanostatic dissolution
in the study of the diffusion kinetics, an experimental cell, in which
current density distribution at the anode was considered to be fairly
uniform, was set up, and the observations of the a&node surface during

dissolution were carefully made with an optical microscope (10 ~ 45x).



;38_

1. Experimental Apparatus and Procedure

The experimental cell is shown schematically in Fig. 4.1. The cell
body (B) is made of methyl methacrylate¥* with a large upper cylindrical 3
compartment (cathode compartment) and a small lower cylindrical compart-
ment (anode compartment). The diameter of the upper compartment is
5.0 cm and its height 2.4 cm. The vertical cylindrical cathode (C) made
of a sheet of\copper is placed very close to the inside wall of the
upper compartment. The diameter of the lower compartment is 1.27 cm
and its height 1.2 cm. The anode holder (H) is aftached to the cell
body (B) by nylon bolts (Sl). The anode.copper diek (A) (diameter:
2.53 cm, thickness 0.062 cm) is held firmly to the bottom of the cell
body (B) by screws (82) in order to prevent the leskage of electric
current and electrolyte through the gap between the copper disk (A) and
the bottom of the cell body-(B). ‘The anode holder has & hole (N) which
miniﬁizes the portion of the rear surface of the anode disk that might
be wetted by the leakage electrolyte. The straight ﬁall of the anode
campartment parallel to the direction of electric current flow and the .
ratio of the height of the anode compartment to the diameter of the
portion of the anode exposed to the electrolyte provide a geometry that
gives a reasonably uniform current density diétribution over the entire ‘
surface of the portion of the anode exposed to the electrolyte. The "
gpparent area of the portion'of the anode exposea to the electrolyte is
1.46 cm2 and the inside area of the cylindrical cathode expésed té the
electrolyte is 38 cmz. The latter is much larger than the exposed

anode area, so that the effect of the cathode polarization on the cell

*
Plexiglass.



¥ .
s : ‘ o _ , % vt

| alN B 8 5 |
£ S = 8 o
= = S B :
2 = 3 5 — ~
SN\ = =] =N L i l .
NEANN 5 S S S

==./Z
=
%

b4

_»
(2
~n
—
£
= =

' X8I 7111-7538
Flg. h 1 8ide view of the experimental cell.

A Anode disk, B: Cell body, C: cyllndrlcal cathode, H Anode holder
S Screw

_68_



=Lo-

voltage during electrolysis is_sm@ll.
. -

'Bdth-the anode and”¢athode are polycrystallineléopper of 99.9% purity.

The éléctrolytg;’phoéphoric aéid)(85.9%, Béker.anaiyzed reagent),
was diluted-tb desired.céncentfations by'the'addition of'distilléd wéter.
The anbdé'specimen ﬁas mechanically polished, washed with water
and acetone, and anodically dissolved ih_conéenﬁrgted phosphoric acid
sélutiéné.aﬁ low éurrént densities;vor chemicaily polished in an acid

solution (HNO 2 vol: H3P0hl‘vol: HAc 1 vol) and washed with water and

3
acetohe before each experiméht.

The(anqde disk was kept horizontal, and the cylindrical qathode
vertical} during eleétrol&sis. 'Tﬁis cpnfiguration ofvelectrodesjprevents
natufailcon§ection'fr6m occurriné_in:the anode cémpﬁrtment Whén'a viscous
solution ofnavdénSify higher thaﬁ that of the bulk‘élécfrolyte is fdﬁmed
at the anode'during'electfolysis;' . | |

Dissoiﬁtion'eXpériments‘were carried out at 22° i 1°cC.

Coﬁstant current Qas'éuppiied.by an Eleétraﬁic-Meésuréﬁénts"Modé;

C 621 poﬁefbsupply; the éeli voltage.was measuréd'by'a Sargenf recorder
Model MR and the current by a'WiiliamSOn Voltmétéf4Ammeter as shown in
Fig. k4.2,

'Whe? the electriéfcircuit was Cu£ off, anpde‘sﬁeciﬁen was quickiyi
removed,from.the Cell‘and'ﬁashédxwifh funning Watef:andiacetone.‘;

The w%ight.loss of the'anode specimeﬁ by dnbdicidiééolutioﬁ was
measUred_after Qashiﬁg:and drying éf rooﬁ femperatﬁre.

Microscopic observations of the anode surfaces ﬁére_made during .

anodic dissolution (magnification 10-45x), and also after washing and

drying (magnification 50-200%).

&
ol

' »

»
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2. Experlmental Results

i. Cell voltage change with tlme.

Some of the curves of the cell voltage change w1th time in 10. O5 .

liter H POu are shown in Flgs 4.3, L.h, and.h.S. During electroly51s, : :

m/

dissolution of the COpper spec1mensvtakes plece,at,the anode ehd the_
simultaneous reactions'of.hydrogensevolution (major'reection) and copper
. deposition at the cathode. The exteriments were repeated several times o
'without’changing the electrolyte. At,the anode current density (apperent

current_density)'of i = 0.0362 A/cm2, the voltege_vs} time curves are

very reproducible as shown in Fig. 4.3 when'dissolution'is repeated with-
out removing'the ahode specimen from thehcell‘body. (After each eXperi- '
ment the‘electrolyte'is campletely mixed or replaced with a fresh |

electrolyte s0 thet the phvsico—chemicalvpropertiesrof the electrolyte
at the enode surface are theusame esithose of the bulk of the-electrolyte ' ' '
at t = O} A gradual increase of the cell voltage w1th tlme, of the

order of hO to 60 mV, is observed up to p01nt A, where the cell voltage

beglns to 1ncrease very rapidly (the flrst voltage Sump) . Slmllar
observations were made for i <0.038 A/cm?. Microscopic observations . o
during_ahodic dissolution show that at.poiht.A, light blue nuclei, pro-- |
bably solid copper phosphate; begin to forﬁ_andrspread over the'anode_ ' ' P

surface, and the numher of the_nuclei-increases very rapidly near point '1' .

E (the second jumpfpoint);_ It is also shown by the'microscopic obser-
vations of the anodeuspecimensﬂduring enodic dissolution'and from those

Ve
after washlng and drylng, that at, current dens1t1es less than 0. 038 A/cm s

active dlssolutlon of copper (etchlng) proceeds until the flrst cell -

voltage_jump occurs. At i = 0.0L469 A/cm (Flg h h) the time required
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.for the first Voltage jump Qp01nt A) for a used specimen is longer than
that for a fresh one when an 1nterrupted dissolutioh is repeated Micro—
 scopic observations show ciearly that at i = Q.Oh6§ A/cme, the anode
_surface is partially covered with a hrown film,'probably‘cuprous oxide,
and the spread of the light blue color due to the solid depos1t over the‘
‘anode surface takes place at p01nt A As the anode current den31ty is
further increased, the onset time of the first voltage Jump 1s*less
distlnguishable, and the color of the blue deposit seems to be llghter.

ii. Onset of the cell>voltage Jump (the first voltage Jump).

’Electropolished surfaces of copper are obtained at the current
plateau-in_the current vs; anode-potential.curves under suitable experi-
mental conditions. The currentvplateau ih potentiostatic experiments
approkimatel& corresponds to theaceii voltaée“jump in galvanostatic
dissolution. :As mentioned ihbthe preceeding section,ilight blﬁe nuciei;
_probably solid copper phosphate, begihs to spreadvover the anode surface
'atbpoiht.A where. the ceil.voltage beginsvto.rise rapidly. The cell
voltageljump is, therefore,'related.to the crystallization of the solid

(copper phosphate) formed at the anode. In addition, the following

phenomena may also contribute: 'formation of copper oxides, concentration_

polarization of the reactants,vor of the reactlon products, and the
: ohmic drop through.very fine pores when they are formed at the anode
If dissolution of copper proceeds under.diffu51on_control, the concen-
trations'of the.reactants or the reactioh.products at the anode surface

are built up in the following fashioni*

%* _ .
See Appendix II-A-1 for derivation.
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c(t) - ¢(0) | 4= (10)

in which C(t), c(0), D, i, t;.and k are the cdncéntration df_the réactgntf‘
or the reaction product at t = t, and thét'at t =_O, diffﬁsivity, anode
éurrent:density, time,'and:a constant which includes the transference
number and valence 6f the reéétaﬁt or the reactidhbproduct respectively. \
if»fhe:éOnéénfrations of thé}reécféﬁts‘br the reéétién bfo&ucté:atvfhe
anode surface ét thg onset time of thé first vdltaée jump,_ts, have

some characteristic values'depending on the‘electrolyte.comPOSition;
temperature, and the physical properties of the électrolyte, the product,
i(ts)l/2; should be independant Ofvcurrent‘density'i.'v

The relation between i(ts)l/evénd i in iQ.O M7-H3Poh is shown in

5
. ’ . 1/2 . . . " o 2
Fig. L4.6: .1(ts) is nearly constant¥* in the range of i = 0.031 A/cm
to 0.065 A/cmz, and has the value 0.36 A,(sec)l/?/cmz. At low current

densities, such as i = 0.021 A/cmz;"i(ts)l/2,is1afger=th§h_o,36{ At
léw current density, the cell voltaée.increasés,with time much more
‘slowly'than'expected from high'currgni.denéity experiments and & idngef
g is‘needed. The product i(ts);/? sligﬁtly decreases as i is increased
_ea.b()ve"iv_‘= 0.065 A/cmg. |

ifi. Apparent valence of dissolved copper...

The apparent valence measurements Weré conducted‘on the anodic
dissolution of copper in lO.OSM H3P0h under the same experimental.con— |

ditions as those in the cell voltage measurements deééribed in the pre-

ceding section. The copper dissolutidn at each_currént density was

¥ ' o . o ' -

Each point of i(ts)l/z in the range of i = 0.031 to 0.065 A/cmgvrepre—
sents_the average value of i(ts)l/Q"in more than ten runs: deviation of . -
_i(ts)l'e at a given applied cu¥rent density is less than 3%. o
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; repeetedly carried out until the first cell VOltage Jump started. ‘Enough

copper was dissolved to measure the weight loss of the anode specimen with

satiefactory accuracy. The appareht'valenCe n' was calculated by

n' = M_‘I.t ‘ v (11)

in which M,VF, I; t, and AW are the moleeulaf weighf of coﬁper, (63;5h)’, e
Feraday's constant, totél current; fotal time'fequired for the anodic.
dieeolﬁtion of AW, and;the weight ioss of the aﬁode speeimen_fespectively.
The relation between the apparent valence ef the dissolved copper
and the cﬁfrent density'ie shown in Fig;‘h;j. .At anode current densities
less than 0;038 A/cmz, the valence ievé.03. The yalues of n' are larger
than 2 when a brown solid film is formed,‘probabl& because the solid
particles of copper phosphate and copper dxides.ﬁay be difficuit to wash
away when the porOus solid film covers the anode:surface.
'In active dissolution of copper the‘over—all'reaction scheme of
dissolution may be given: |

++ -

3. .Discussion

i. Comparison of present=Work with previous results.

The results obtained in this research show that i(ts)l/2 is nearly,
independent of current density iin a,certain'range of current density.

ThlS is in good agreement w1th the results obtsined by Elmore,l6fEdwards,;7'

'Krlchmar,lS and Vozdv1zhensky, et al. 51, The values of 1(t )l/2 in
: lO MH POu by Elmore and Edwards are’ 0. 368 (at 23 5°—2h° ) and 0'37h
(at 25°C) respectlvely, and close to the value O 36 obtalned in this

research. .
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The apparent valence of dissolved copper obtained in this research

is 2i03 in the‘active dissolution of copper, and is in good agreement

with the value 2.00 obtalned by Petit and Schmltt.hs_
2

)/

ii. Relatlon between i(t and the concentration of

phosphoric acid.

If the values of i(ts)l/2

8

and physico—chemical properties of the electrolyte, and temperature, it

1/2

may follow that 1(t ) - is a unique function of the concentration of

are those characteristic of the composition

physophorlc acid in aqueous solutions at a glven temperature. In Fig. 4.8

)/2

the values of 1(t
acid. It is shown from Flg. L, 8 that the values of 1(t )l/g'obtalned
by Elmore,* Edwards,_and the present'author, are ln agreement with one
another; i(ts)l/2 decreasespwith increasing acld concentration; It is
to be noted that this pattern of behavior ﬁas not'recognizea by the

authors mentioned above .

iii. Diffusion kinetics.

.We assume that the active dlssolntlon of copper in the current
density range in whlch,we are interested is charge transfer controlled.
shown by Eq. (1), the diffusion layer is built up corresponding to the
applied‘current density, tlme; diffusivity and transference number of
a species particlpating in the process; | | |

_According to L'aforgue-—Kant_zer,8 copper dissolves in concentrated

phosphoric acid along'the,following over—all reaction scheme**t

3 . .
Experlments under the condltlons of constant cell voltage (see IV-B).
®%

Consistent with the over-all reaction scheme of dissolution found in

this research experimentally as follows:. Cu = cutt .+ 2e™.

are plotted agalnst the concentratlon of phosphorlc'

As
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' > + O ¢ - v ‘
Cu +‘H3P0h +_H20.~ ngOHJ [P0, 17 + 2H + 2¢ | (1)
Krichmar aﬁd-Galushko,g on the other hand, claim that the cbpper dis-

solution reaction may be described by¥

Cu +'2ﬁ3POh = Cu++[HéPOh];’+ ?H+ﬁ* 2" (D)
Thus, fwé poséiﬁle extreme cases:wﬁichméaUSe the fifst c¢ll yolfage
Jump under conditions'of negligible cathode polarization are:

a) anpde potential jump due to the strong debletidn of one of the
reactants, that is, H3POh or H20 in cgse I and H3P0h in case
1T, and

bif‘gnode'ppteﬁtiai jﬁﬁp due to'the solubiiity limif of one of the

: reécfién éroaﬁéfs,(COP?ér pﬂosphate**)folléwed‘by the formationl
of a highly resistive film on the anode.

In_fhg fdrmer»c#sew(Figf'h,9A); the,égncentration of a._rea'ctanf.cr

af fhé anode surfaée décreaées with fiﬁe and reéches.Cr'+ 0 at t = ts;
wheﬁ thé strong depletion of the réacfant begiﬁs‘toicauéé”cohsiderable :

potential increase -with time due to concentfationvpolarization. The

diffusion layer of the reaction product may be builﬁ ﬁp'on the same way

‘but with concentration gradients different'from those of the reactant.

At t‘=-ts; the concentration of. the reaction pfoduct is below its solu-
bility limit. In the latter .case the concentration . of the reactant at

the anode surface doesn't reach Cr +0att= ts,‘buf rathef stays near

e , _ T ] - : , .
Consistent with the oyer-all reaction scheme of dissolution found in

this research experimentally as follows: Cu = Cu't + 2e”, :

*% o S ' - | ' ‘

We use the terminology ''copper phosphate" to mean the dissolution

product of copper in phosphoric acid. B
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F:Lg 4.9A Concentration _profiles of phosphorlc ac1d (a
reactant) and copper phosphate (a reaction -
product)_ assuming that the flrst cell voltage
Jump is caused by the strong depletlon of
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Fig. 4.9B Concentration profiles of phosphoric acid (a
reactant) and copper phosphate (a reaction product)
assuming that the first cell voltage jump is caused
by the critical solubility of copper phosphate
followed by the formation of a resistive anode film
:t=tlg %f.ti.v Cp = st (c?ltical.solubility) at

-
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-

the concentration of the'reactant in the bulk of the electrolyte as
shown in Fig. L.9B,
Assuming that copper dissolution occurs with 100% current efficiency,

the following relations®* are applicable at the anode surface in case I:

. oF . ' ' ' oy
i=7= o DP VCP ‘for copper (12)
' _ : phosphate
and ' ', '
i»= . . - p_ |vc_ | for phosphoric (13)
1 -t .+ 7r ry- phosp
o+ o e CuOH , - acid
H -2
In case II
i =———————=Dp |VC . for copper » (1k4)
- + .
- tCu Tor p phosphate
and
i=———0D_ |VC for phosphoric acid (15)
tH+ r r S _
i, tCu++’ tH+,'V, Dp’ and'Dr.are applied current'density,vtransference

number of'Cu++, that‘of>H+, gradieﬁt, diffusivity of copper phosphate,
~and ﬁﬁat Qf‘phosphofic acia; reépectivel&. Calculations 6f current
density in.térms of water or H+ éoncentratién are not convenient because
of lack’ of ekperimentai data necessary_fbr the Calculatiohs. The
diffusiyityvof fhoéphoric acid in tvhé'Hé)PO)4 —‘FH20 systemsvhave-been
measured_at_25°C by Edﬁéfds and Huffman,63'and that of the anodic dis-
solution product of'copper in phoéphoric écid at 2060 by Krichmar,

et a.l.2'l )

* - :
For derivation, see Appendix II-A-2.




=57

We now choose phosphoric acid as the reactant and copper phosphate
_as the reaction product in our diffusion calcﬁlations. Equation (10)
is rewritten 1/2

% | 1/2 R I |
1(5-5-) = Z— lete)) - c(o) | (10")
) ) 1x=0

Provided that the first cell Voltage jumf,ié caused by the strbng deple-
tion of phbsphoric'aciq at the anode surface, the térm i(tS/D£)l/?'
should be'prdpdftional to the cdncéntratién of phosphoric acid in the
bulk of fhe électrolyte; which acts as the drivingrfofée of the diffuéion
of phoSphoric acid. Any correctibn of D?bdue‘ﬁo thé existence of copper

phosphate has not been mede because of no available information on the
1/2 ‘
) /

and the concentratidn ofy
1/2

effect. The reiation'between'i(ts/br
phosphoric acid is shown in Fig. 4.10, where the values of i(ts)
méasuredvby Elmore, Edwards,.and the present authoré are used. Figﬁre
hle shoﬁs»that i(ts/Dr)l/2 decreases as the Qonéentration of phosphorié
acid increases. This suggesﬁsvfhat‘a’stfong depiefion of phosphorié

écid at the anode surface at t =_ts is not.likely to gxplain the poténtial
juﬁp. We now assuﬁe théﬁ the concentration‘df phosphoric acid at the
anode.surface is cloée to that in the bulk wheh‘cobper dissolves in
concentrated‘phosphoric acid. The transfereﬁcé humber of hydrggen ioﬁs,
tts then, will bé.ciose to uhity,*;andAthatfof_copper ions,'tcﬁ++, Yill"”

be close to zero. Using Egs. (10') -and (13), or.Eqs: (10') and (15),

3 b+ & ' : : :
we. may get for tH 1, tcu0H+ f 0, and tcu++ > q.

According to Chapman,120 the value of t
range of 0.93-1.0. ' N '

gt in hfl2tMYl:H3POh is ;n;thg\
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Fig. 4.10 Relation beﬁween-i(ts)1/2/D.l/?
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e 21 1 '
i(t) /2/Dr /2 was c¢alculated from i(t
:by.ﬁlmore, Edwards, and present work.

and the-cdncentration

)1/2

_measured
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. E§_ c F( )1/2 C (t) C ( ) T . '(.16\
and I o
L. 1/2 . | | -
i(l—)f-) =_£-(n)1/2 c (t)) -c(0)| . case II (17)

' In the case of the strong depletion of the acid at the anhode surface,

case (a), the yalues of i(ts)l/2 may be calculated by assuming

)1/2 1/2

Cr(ts) = 0, and are called 1(t cale.” The ratio of 1(t ) cale.’

1/2

obs has ‘been plotted as a function of the concentratlon v

to 1(t )
of phosphoric acid in Fig. 4.11 (case I) and Fig. 4.12 (case II). These
' 1/2
yH:

plots show that the calculated values of i(tS ~are much larger than

, )1/2

the observed values of i(ts ih solutions ovaOncentrated phosphofic
aoid. This strongly supports.the>view that case (a), (strong depletion
of the acid at the anode‘surface).is hot related to the.oause of the
first cell voltage jump | |

. On the other hand, if the flrst cell. voltage jump is caused by the
solublllty 1limit of copper phosphate followed by the formatlon of a
resistive film, i(ts/Dp)l/ should be proportional to the critical solu~
bility* of copper phosphate, CPS, as predicted‘by Egs. (19-23). Using
a polarogfaphic method‘(cathodio deposition, the reverse process of the
anodic dissolution of coPPer> Krichmsr'and:his co—uorkersgl.haVe obtained
the d1ffus1v1ty of copper phosphate whlch Was anodlcally formed. This-.

suggests that the dlffu51on calculatlons in the anodlc case can be

V accurately carried out using‘anodlc current dens1ty, the concentratlon

p . _ S

We define the concentration of copper phosphate in the anolyte as the -
critical solubility of copper phosphate when sclid copper phosphate.
deposits on the anode surface during the active dissolution of.copper.
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conecentration of H3PO), in the case of the strong depletion of
H3POL at the anode surface (case II).

.. y1/2 o : L
[1(ts) . ]calc. was calculated by Eq. (17).
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‘differénce éf“cupric ions between the anode éﬁfface and bulk, and the
_  diffﬁsivity of copper phoséhate obtained by Kfichmar, et al. Values
| of difquivitiés of ¢o§per phosphate;:Dpo, Adéptéd'fqr the present cgl—'
culatioﬁsvneglect the possible'effect* ofrconcentration of copper‘phosphaté
(i.e. it is assumed that the cdncentration level of this species in con-
centrated H3POh is low). The critical solubiiities of copﬁer phosphate
" measured at 2096 in terms'of.Cu++Iby‘Hickling apd Higgins12 aré used
here. No-attemrt is made er the chreétion of the diffusivities and
critical solubilities of.cdpper-phostéte due té the sﬁall difference
in temperatﬁre (20° 5_25°C)'éhosen by investigaths, for there is no
available infdrmafion on temperature effects. The relation between _

/2

ol and the critical_solubilityiof copper phosphate .is shown in

1(ts/DP | » ‘
Fig. h;lS,’ The value of i(ts/Dpo)}/?,increases with the increase‘of,the'
critica;-solubilityfof coppervphoéphate,‘and iS'approximately proportional

to the critical solubility, (the rénge of the critical solubilities tested

is limited to the concentration range of 2.4 X lQ—3Ito 1.3 x 1073 M/emd) :
1/2 e
tS / v B } ' .
*\D . ® Cps . : . (18)
PO ' -

Although some authorslg’l6 ha&e discussed thé Significance of copper
phosphaté'from a qualitétive’poiht of &iéw, fhg_direct,propqrtidnalipy'
of i(té/Dbé);/g fo ﬁhé critical sélubility.of.copper phdsphatévhasvnot
been éoifér récognized. VThe f6il§wing stepsvin reaéoning shqw‘howifhisv

linear dépendencegcan,logically be expected: . Combination of Eq. (10'),

)

and Eq. (12) or Eq. 1k yields

% ,
Appendix IT-A-3.
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1/2

[t . 1\1/2 e : o o
i(]—)-:-)-) = T—?%’-L—; (c(_ts) - c‘(,o)‘) _ CeseI | (19),

CuOH ’ =0

or

Cu

: ﬁ 1/2 F )1/2 ’ | . : o
'i(—i) .——J-’I——— (C(t)-—- c(‘_o)) . Case IT  (20)

D - ++ '
b 1-t s x=0

Under.the‘présent'experimental conditions

C

. C(ts) ps

c(o)

0

and thérefore

f

[t 1/2 rm/2 . '
ilg = i——i————f:-c < .Case I (21)
- i} *Cuﬂﬂ p .
or o _ .
[t 1/2 em? | o
if=—=1 - . Case II (22)
Dp , l - tcu++ ps L : - ,
Assum;gg CuOH > Q and tCu++ >0, we obtaln the follow1ng simplified
relation: o £ 1/2 ' :A. ]
'i.(ﬁi) - rm)Y2 ¢ S (23)
. b _ ps B . IR

for both'céses I and II. In addition to the Verification,of the relation:

i(tS/Dpo)l/2 = C g .

if rém&ins to be tested whéthef.the propoftioﬁalit§ conétant isvin good
agreemént ﬁith‘thé:COnétant’theorétically obtaiﬁéd - It is to bé hoted
that thls klnd of test, in wh1ch experlmental values of i(f )l/2 are

compared w1th theoretlcal results, has not been performed in prev1ous

work on the diffusion klnetlcs in copper dlssolutlonvln concentrated
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phosphoric acid. For the purpose of this test, the experimental values

_ 1/2 1/2 , s
of 1(t ) ‘are plotted agalnst 1(t ) cale.p.’ in nhlch
. 1/2 1/2 :
m 1
l('ts)calc.p. F( Dp_) .Cps ' : (23-X

The result is shown in Fig. 4.14. TFigure 4.1k shows that the calculated
1/2 '
) /

are over a wide range in fairly good agreement with

)1/2

the measured values of i(ts_.

values of i(tS
: Cvie o 1 (+ YL/2 g

. The ratio of 1(ts) calculated to
' y1/2

Vi(fs)l/z measured is about 1.1 (the ‘slope of the line of it measured
vs. i(ts)l/2 calculated in Fig. 4.1k4). This'gives/strong support to the
view that the first cell voltage jump is éaused‘by the solubility limit
of cépper phosphate followed By the formatibn-Of_a resisﬁife film.65"

S If ﬁhe,first cell.voltage Jjump is really caused by the qriticai
sOlubility of copper phosphate, the cbncentrations_of_phosphoric acid..
at the.énode ;urfacé at t = ts, Cré’ gre highe?»than Zero éoncentratiqn.
Values of'C»rS have‘been'éalcﬁlated by using Eq. (16) of (17);,and compared
to those.obtained by cheﬁigal analysisfg-in Figé._h.ls (case I) and 4.16
‘(case II). It is shown that the calculated c;é va1ués are in fairly good
agreement with the concentratiéﬁsiof'free phosbhoric'acid in the anolyte,
almost éaturated with.copper phosfhate, obtainedbby‘the ghemical analysis.'.
The concéntration of ffee phpsphoric acid at the interface iﬁcreases with the
iﬁ¢rea3e of the concentration of phosphoric‘apid_iﬁ fhe bﬁlk'of fhe electro-

lyte when the concentration of the latter is higher than 2-h M/liter.

The following assumptions are made:
total concentration of = . free phosphorlc a01d concentratlon +
. phosphoric acid ..~ . concentration of phosphorlc acid
' , ' comblned Wlth cutt -

and _ : ' . o :
total concentration| . _ total concentration o
of phosphoric acid of phosphoric -acid x=co
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' Fig. 4.15 Concentration bf’phosphoric acid at the anode surface -
' (case I) as the function-of the concentratlon of phosphoric.

acid in the bulk of the bath. C

using measured i(t )l/2

and is shown by line 1.

c

s vas calculated by Eq. (9)

was also.

rs
obtained from Krichmar's chemical analy51s datal»9 and is

shown by’ llne 2

B
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" Fig. 4.16 Concentration of phosphoric acid at the anode surface
(case II). ' Cpg was calculated by Eq. (10) using measured
i(tg)1/2 and is shown by line 1. Cpg was also obtained from
Krichmar's chemical analysis data’l 5 and is shown by line 2.
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The concentration ratlo of ICu J/[Poh] in the =molution layer
near. the anode surface (or in an anolyte separated by & porous membrane
from a'catholyte) is in ‘the range of 0.5 to l.O according to some

"6,9,66

authors, depenaing on the anode potentiai, thevconcentration of
thosphoric acid in the bulk of the electrolyte, the concentrationlof
ahodicaily'formed copper phosphate, and the time.required_for dissolation,
.This suggests.thatuthe‘ohsérved ratio of'[Cu++] to'[POi] may be inter-
preted as the result of.the simultaneous occurance of the reactions of
cases:I and II; or as‘the consecutive,feaction of case I, the first

step, and case II, the secohd step. The cohcentration of phosphoric acid
at the anode surface;uwhen solid copper phosphate deposits on the anode
vfrom the aholyte, is probably in the shaded region as shown in Fig.vh.lT.
The upper limit ofvthe shaded region corfesponds'to Chs in case I and

the lower limit of the'regioh to Crs in case II. Under these conditions

the. assumptions made for the transference'number~of ions, i.e.

and

are reasonabie.
The result obtained above conclus1vely supports the view that the‘
first cell voltage Jump is caused by the cr1t1cal solubility of copper

phosphate.- The compos1tlon_of the_anolyte saturated with copper phosphate-

e R . . . o o o _
The bracket | ] represents the concentration obtained by chemical analysis.,
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. 4.17 Predicted concentration region of phosphoric acid at

the anode surface when solid copper phosphate deposits in

the active dissolution of copper. The upper limit corre-

sponds to C _ calculated by Eq. (9), and the lower limit
Crs estlmated from Krichmar's chemical analys1s data in
case II. :
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will be discussed in later chapters. Thls w1ll glve some addltlonal

1nformat10n on the d1ffus1on klnetlcs

B.. Solution-Side Transport Under Potentiostatic Conditions

Hietoricaily speaking, the significance of the solubility limit of

the dissolved copper was first demonstrated by Elmore, who conducted

dissolubion experiments‘under conditions of constant cell,voitage. :Eimore '

’

assumed thaththe concentration of the dissolved copper reaches a maximum

value which he calls the "solubility 1limit" of the dissolved metal,

at t = té. Elmore interpreted té as the time required for the onset of

the drop of the current‘in thebconstant ceil voltagevexperiments}' To

make the 51gn1f1cance of the current drop more clear and to make possible

1/2 obtalned under the condltlons of con-'

)1/2

a comparatlve study* of 1(t )
stant current (Edwards, and the present author ) and i(t' obtained
under the condltlon of constant cell voltage (Elmore), copper dlssolutlon
experiments have been cOnducted in which the voltage difference between
the ahode ehd a reference electrode waevmaintained constant. The effect
of the cethode‘polarization on the current through the cell could be
completely negiected_under these conditions; Another purpose of these

)1/2 and ipfinva

experiments was to establish the relation between'ip(té
much wider range of current density than in the galvanostatic experimente

reported in Section IV-A.

1. Experimental Apparatus and Procedure |
The experlmental cell was the same as that employed in the galvan—

-\

ostatic experlments CF;g L4.1), Both the anode disk and the cyllndrlcal

cathode are polycrystalllne copper of a purlty\of 99 9% except otherwise

See the preceedlng section, IV-A.
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specified. The methods_ofbpreparing desired'conceﬁtfatione of phosphoric
acid, those of'pretfeEtmeﬁt of the anode specimeh before each.experiment,
and temoeraturexwere theAseme aé in the.galvanostatic experiments. |
A potehtiostat (Anotrol‘Model thO)-supplied‘conStanf voltage across
the anode and a feference elecfrode, which was d-copper ﬁireyand’wasﬂset
in a capillary tube (Fig..h;lBB).> The outSideland inside diameters of
the tip of the;capilléry were 0.06 cmvand_0?03.cmvreepectively. The
length of the tlp ‘was about 1.2 cm. The electrolyte in_thé capillary
was the same as the one in the cell. vTie distance betwéen fhe anodedsur;
face and the tip of the capillary was adjusted in such a way fhat the ‘
anode potential-was nof'confrolled by concentrafion:polariiation at the
anode, but predomihantly by the resistance between the anode and the refe
erence electiode (the ohmlc potentlal drop across the anode and the ref-
erence electrode is very high when the anode current density is high).
Current thfough the cell was recorded by an oscilloscope (Tektronlx Model

531) as a potentlal drop across a known resistor connected in series

with the cell as shown in Flg. 4,18A.

Anodic diSSolution was carried out in stagnant solutions. Microscopic
observations of the anode surfaces were made during anodic dissolution
(10-45 x}, and after washing and drying (50-200 X).

2. Experimental Results

" i. Ohmic potential'drop.l
When a cohstant Volﬁage,is applied acroés the anode and the
(identical) reference electrode; the applied voltage consists of the
anode po#ential, the ohmic potential drop across the anode and the

cépillary'tip.connecting to the reference electrode, and the potential

B

el
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Flg %.18A Schematic of the potentlostatlc experlments Az ammeter
. C: cell, Res: known res1stor (2 59) .
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Fig. k., 188 Measurement of the ohmic potentlal drop across the
' reference electrode in a luggln capillary, Ref., and an
auxiliary wire electrode, Aux., in an insulator plpe P.

Capillary tip 0.D. 0.06 cm
: I.D. 0.03 cm
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of the reference electrode. " Because negligible current passes through
I the reference electrode,»the potential of the reference electrode is

>

| .
constant:

M@?TM+N% NP (24)

|
i . . . : ! s

.in which AVa, hg and AVO.are tﬁe applied voltage, the overpotential of
the anode, and the ohmic potential dfbp Between'the anéde and the tip
of the éapillary, respectively. .

The ohmic drop waé measured by a Keithley Instrumgnts 601 Electrbmeter
betweeh‘the'reference electrode énd an isolated copper wire, which was
located behind a capillary hole in the anode (see Fig. h.lSB). The .ohmic
drop was .also estimatéd by | |

AV ~ibvo - - . (25)

in which AVO.calc’ i, b; apd g ére fhe Vaiﬁe of the calculated ohmic drbp,
the currént dénsity,.the distancé bétWeen the anode'surface and the tip

of .the capillary, and the specific resistivity of the electrolyte in'tﬁér‘
celi,;reSpectively. Comparison of the_meééured ana calculated dependence
of the ohmic pétential drop onvapplied voltage'is”éhOWn in Fig. h.l9. The’ v _‘ 5

effect is significant even when b is small. The'appliéd voltage is

5
Figure 4.19 indicates that the calculated ohmic drop is in fairly godd

1.30 +:0.03 V and the electrolyte in the cell 10.0_ M/liter H,FO),.
agreement with the measured value. The ohmic ‘drop increasés rapidly
with the increase of the distance b when b is small, and becomes the

major factor of controlling current through the ¢ell fqr b > 0.k cm, in.

“which the current-platéau is observyed before the timevté'(see the following

section.
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Fig{ 4,19 Relation of ‘the olmic poténtial drop to the potential

applied across the anode and the reference electrode.
The applied voltage is 1.30 *+ 0.03 V and -shown by .
preset potential in the above figure. The observed
values (shown by O) are voltage across the reference
and the auxiliary electrode. -
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ii.b Current change with,time;

A few_e#amples of Currént—vsf—timé curves obtainedvunder conditidns‘
when the ohmic potential drop ﬁas cbntfolliﬁg_aré'shown in Fig. &.ZOA.
and B for polycrYstallinevcopper; Nearly cbnstant.current is ﬁaintéined
untii the timé té? when thé‘cﬁrrent beginstfo drop-sharplf. In Fig. hk.20a,
'the initiél rise timé, thé time. required for attaining a constant Vaiue
of current (the value of current at the cufrént platéau), is.qf.the_order
' ofio;l sec, gndﬂmuch shorte} than té = 3.& sec,'which is interpreted as
the onset time of the drop of curreht. This'suégests that the anodic
dissolutién'before the time.té'proceed approximately at_constant current
density, except during the inifial fise time. Accbrdingly, there 1s little
doubt that caléulationsvof diffusion méde in galvanqstafic experiments
are applicable for the ancdic diésciution proéess_in ouf'presentrconcern,
provided that the time t; correspohds to the onéet t}meNOf the first cell
voltage.jump under gélvaﬁostatic ¢onditions, ts._:

Currént7oscillation_is observed in the range of current dénsity

smaller than 0.7-1.0 A/cm? (the value of the plateau current density) after

éurrént-decreases considerably. It is to be noted that £he maximum current
densities during stable 6sciliatiOns reach the values #ery close to fhe_'
current densities at the plateau before ﬁﬁe timg té aé éhownvin Figs.

4.20A and B}.-Cuﬁrent decrease with time beforé bl becomes remarkable as
b_approacﬁes 7Zero, sﬁggestiﬁg the anodevprocesses including the charge
transfer at the anode tg‘have\a pfonounced effecf on the curfent throughx

- the cell as b0,
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' Fig. 4L.20A An ogcillogram at the plateau current density

0.196 A/cmz, b = 0.83 cm, for polycrystalline copper.
- Initial rising time =0.13 sec. point A': onset of the
decreases of anode potential.
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Fig. 4.20B An‘oscillogram at the piateau curreht density
' 0.212 A/em2, b.= 0.68 cm, for polycrystalline.
. copper. : - -
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111, 1 (e1)2
s .
As_explained in the:preceding section, thevcufrent vs. time curves
before the ﬁime té in these‘experiménts may:be roughly considered as con-

stant current density vs. time curves. Then, we have the relation:

in these (26)
experiments_

)1/2 1/2

- .. - . ) ) . - z ». . '
”l(ts in galvanostatic | tlp(ts)

experiments

in whichvip is the current density at the current plateau before the

)1/2

time té;_'It is shown in Fig. L4.21 that ip(té is almost independent

of current density at the plateau ip in a wide range of ip and has fhe

5
and in the case of a (111) single crystal face.(purity 99.999%) as well.
' 1/2
) /

value of-0;36 in 10.0. M H3POh in the case of polyérystalline copper,

=0.36 obtained in these experiments is in

The value of i (¢!
. p s
1/2

- godd agreement with the value of i(ts) = 0.36, obtained by the suthor

in 10.05 M.H3Poﬁv(see.0héptef'IV—A). 'This fact strongly supports_thé,
view that Eq. 26 is'applicable. ip(t;)l/2 slightly decreases as_ipr
incfeaseé. '

3. Discussion

The fact that thereAis almost no difference in ip(té)l/e betweén!poly—"v

crystalline copper and (111) single crystal copper.sﬁggests that the dis—v
solution rate ié predominéntly deterﬁined by_the diffusion proéess on -
the solution side, unaffectea by differences in the érysﬁallographic
'structure of copper.’

. Microscopic obser&aﬁions of-the sgffaces,df the anode specimens
after anodic dissolutién show that the sﬁrface state depepds.oﬁ“the values

of ip. The surfaces are etched at'very low current densities as discussed
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)l/2 and the plateau current densities 1p under potentiostatic con-
.The tlme requlred for the onset of the decrease of anode current is denoted as
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in‘Section IV—A. At current densities around 0.3 A/cm2, the surfaces -
‘are ofﬁen very bright andbshow no pitting. At'higher curront densities,
the surfaces are covered with solid films ﬁhich vory ffom very light
(transparent ?)'to_deep brown colors.
The values of N obtained by n é &V - &V oxceed_0.2-0.3vv at the -
high current densitiés'ﬁhére the constancy of ib (ts')l/2 still holds.
As discussed inAlator chapters, Values of'n in .the order oﬁ\0.2—0.3 V.are
1argevenoﬁgh to make the'formationlof Cu20 and CuO at'the anode poséible.‘
The occurrence of current oscillations aftér.considerabie decrease

)1/2 at fairly high

of current dénsity, as well as the constancy of ip(té
values‘of n,-suggest that the processes of the'forﬁation.of copper oxides

follow.the formatioh of the solid oopper phosphoté deposits. Alternately,
copper.dissolution>could perhaps proceed through a very'thick'porous solid
£ilm which would have negligiblo.effect on the values qf'ip(té)l/Q.

C. Solution Side Transport at Peak Current Densities

In fﬁe active dissolution of copper in the raﬁgé of cufrent densities
of conoerﬁ to ué,'under gi&envhydrodynémic condifiohs‘anodic current den-
sities increase with the increase of anode pofenoial. The concentration
of copper phosphate at the anode surface deﬁends on charge fransfef'and
vdiffusion‘control. Iﬁ'otﬁer wOrds,:the concontration at the anode sur-
face depénds on the relation between anode current denSit& and anode
.potential, as Well as on thé concentration overpotential due to coppor‘
phosphate ana phosphoric acid. The ooncentration of copper phosphate,
therefore, increases with the incfease,of the anode potential and finally
'reaches_the critical solubility. "If the anode potential is further.raised

and the potential-current density relation follows the Tafel'type'
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relation* for dissolution, the current above the diffusion current
(limiting current) will cause a consecutive electrode process to occur.
Thus, in the steady state we have the relation

i

C+ ic.p.)(l -8 - (27)

D i s
ex. = Uaire, ¥ og,

, i , and O are applied current density,

in which i, ig5ep > 1o, 5 1,

diffusion current density (under the conditions that the concentrationv
of copper'phesphate‘at the anode surface'corfésponds to the critical
solubility), cnrrent density used for'the-formation.of copper oxides,
currenf density used for the formation of.solidvcopper phosphate, and
coveraée of the surface by solid films respectively. In Eq. (27) cufrent
is assumed-to flow only through portibns in the anede surface not covened
with sOlid films. The diffusion current 1d £E. doesnit'depend on any
further increase of the anode potentlal for the critical solublllty and
diffusiyity of copper phosphate are considered to be independent of anode
potenpiel; | | |

As;the'applied_current density is inbreased, the procees of cOverage
of the>aneQe surfaee by the solid‘deposits prdceeds rapidly with the
increase of anode potential. Therefo;e, it is fo Bevexpected that a peak
current appears at the low potential end of the current plateau in the -
anode polarization,curye._ Consequentiy, it is very likely that the peak -
current densities can be calpulated by‘conyenpionai mess.transfer.con;
~ relations, provided,that'theiselid depositsv(ceppef phosphate) contact
with the anode so loosely that the mass trensfer‘retesvare liftlelaffected. ;

by the_depdsits on the.anode.

Any relation in which anodic current density 1ncreases rapldly with
increase of anode potential.
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In previous work of electropolishing, the peak current density has

not been subjected to quantitativeVinterpretation.

1. Confirmation of the Existence of Peak Current Densities

Anodic polérizatioh curves of copper\ih phosphoric acid have been:

25

¥

obtained under potentiostatic conditions by Hoar and Ro‘l:hwell,3 Lorking,

and others.
The reciprocal of scan velocity in the increase.of anode potential

67

can be defined in dimensionless form as follows:

£ D[fd)z B - | (28)

= ad/at

in which E, D, 8, ¢, and ¢ are reciprocal of scan velocity in dimensionless
form, diffﬁsivity, equivalent diffusibn film thicknéss, time, and dimen—
sionless potential, respectively. The dimensionless potential is defined
as
d = s : 2

TR/ar) . (29)
in which n is overvoltage. When fhe'value of & is eqﬁal to unity or
larger, the scan velocity_has very little effect on the limiting current

67

observed.

3

The values of § in the'experiments_conduéted by ‘Hoar and Rothwell," -

and Lorking25 were of the order of 2 to 4 according to the author's ‘ . L

eSfimate, This suggests that the scan velocities chpsen by them are low
enough to e€liminate anyieffect on limiting current.

Some of the anode polari;ation curvesvobtaihed'by Hoar and Rothweil
are shown in Fig. 4.22A and B. Fig. 4.22 shows that when the flow rates

are low, peak curreht densities are distinctly observed at the low
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18°+1°C. (After Hoar and Rothwell3.)
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poteﬁtial.énd of the current_plateaus, At high.f;ow rates peak current .
densitieo do not always appearoat the potential end, partly because théi
aocuratévpolarization curves may be'difficuit to obtain.at high current
densitiéo and the passivation_process'of copper”may be greatly affected

by hydrodynamic conditions at the anode.

2; Mass Transfer Correlation

As discussed in Chapter IV-A, mass transfér'problems in anodic
diésolution oan be dealt with eséentialiy in the same manner as those
injthe’case of cathodic deposition of meﬁalé.

68,69

In laminar forced convection, the correlation

g)1/3. (30)

Nu = 1.85v(R Sc

can be used as an accurate representation of .mass transfer to an electrode.

in a flat duct, When-the concentration of a reactant or a reaction-pro—

duct iﬁlkept constant over a Whole_surface of the electrode. In Eq. !

(30), Nu, Re, Sc, d, and L are Nosselt number, Reynolds number; Schmidt

number, equivalent duct diameter;’and electrode length, respectively.
For_elecfrode configuration in a horizontal rectanéular channel

such as the cne used by Hoar_and Rothwell ¥ thevlimiting current is

diffioult to estimate. However, the proportionality
; v . - .

is still expected to be valid (V is the center‘line veiocity of flow in

¢

¥ - - . o
The velocity boundary layer in this cell is not fully developed at the
leading edge of the electrode. Further, because of the circular geom-
etry of the anode, the mass transfer boundary layer thickness varies

across the anode not only in the direction of flow but also in a direction
normal (90°) to it.

Al

Y



o U

o
o~
Yarn
o

=,

3.

85—
the duct.) For given phosphoric acid conéentration, we have

= e | - (32)

It is shown in Fig. L4.23 thaf the peak current_densifies ipk’ which wéfe

obtained in 6 M H3P0h, are roughly proportional to the‘valueé of Vl/3.

/3

Proportidnality of' i . toV also has been found for i in 8 M and

pk Pk

10 M H3P0£; This fact suggests that the peak current densities are greatly
affected by the hydrodynamic conditions near the anode surface. -

If thévpeak’current densities are caused by the strong depletion‘of
| S 2/3°.1/3
pk/Pr v

phosphoric acid, the values of i should be proportional to

“the concentration of phosphdric acid in the bulk of thé electrolyte, which

"act as the driving force of the mass transfefﬁ ‘Ag mentioned in Chapter
IIT, the &iscosity of the electrolyte supersaturated with copper phosphafe
at the anode surféce is a few timés/higher than that of the bulk of the
electrolyfé. ‘This shouid éausé lowering of the diffusivity of bhosphqfic
aéid in- the diffusion iéyeri Since there is no available information

voﬁ the effect of concentration on the aiffuéivity of phosphoric acid,

two extremé céses wili be‘considefed here. . Fifst, ﬁhe effective‘difé'
qui&ity of phosphoric acid in the diffusion layer is assumed to be equal
to the diffusivity of phosphoric acid in the buikieleétrolyte, Drb.' In

the other case, the effective diffuéivity Drm is defined by

D= (WD v (33)

i.e. we choose the arithmatic mean between surface and bulk éonditions.

2/3 Vl/B

Figure 4.24 shows that ipk/be' decreases as the concentration of

phosphoric acid, Crb;uincreases.v Consistent with the results obtained
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from the author's galvanostatic experiments (Chapter IV-A), this be-

havior indicates that i can't result from strong.deﬁletion of phosphoric

vk

M

acid _at.the_é anode surface. .
If the values of ipk’ on the other hand, éré caused by the attainment
of the critical solubility of copper phoéphate followed by the coverage ; v
of the andde-surface by the solid deposits (coPéér'phoSphate) (as discussed’
in ChaptefviV—A), the values of'»ipk/Vl/3 should be proporfional*vto
b 2/3(c _ ¢}, inwhich C , C »
bs - ‘ . bs

pm pb
solubility of copper phosphate, the concentration of copper phosphate in

and D__ are respectively the critical
pb pm

the bulk of the electrolyte, and the effective diffusivity of copper

phosphate defined as

"D = (1/2) (DpS + pr) . - (33")
/3

are approximately propor-

\

Figure 4.25 shows that the values of ipk/\/’l

tional to the values of D 2(3(0 - C_): : ‘ f
: R pm° ' ps b . : \
: _ v _ .
Lok 2/3, o o
V1/3-°° me (Cps - cpb) S . (3k)

Equation (34) shows that the\peak current density is under mass transfer
control.

D. Concluding Remarks

In view of the importanée-of~massvtransport processes in the active .
dissolution of copper, it is rather surprising that the large amount of
experimental data published on peak currents and unsteady dissolution,

obtained_both under galvanostatic and potentiostatic conditions, haven't

* . o '
‘Because of a narrow range of the critical solubility of copper phosphate -

in the concentration range of 6 M H3PO) to 10 M HsPOY, proportionag}ly.of
ipk/vl/3 to me2/3(cpsv_ Cpp) is tested instead of that of ipk/meL 3 Vl/3
to (_cps~ - cpbv). . .

M
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been subjected to critical analysis before the present work.

The rate of the active dissolution of copper in stagnant phosphoric
acid solutions or in forced or natural convection is controlled by dif-
fusion on the solution side when the current density is of the order of
0.03 A/cm2 or larger., No peculiar behavior has been found on the diffusion
of phosphoric acid to the anode or that of copper phosphate away from the
anode. Theoretical equations of mass transfer are undoubtedly applicable
for the calculations of the rate of the active dissolution of copper.

The concentration of copper phosphate at the anode surface increases
as the amount of electrical charge passed increases, until it reaches the
critical solubility of copper phosphate. The concentration of phospheric
acid at the anode surface, on the other hand, decreases with charge passed.
However, the acid concentration is still quite apprecisble when the crit-
ical solubility of copper phosphate is reached.

The anode potential jump in galvanostatic experiments or the drop
in current density in potentiostatic experiments is caused by blocking
of the anode surface by solid films.

Information on the concentration of copper phosphate and phosphoric
acid at the anode surface obtained from the méss transfer study is escential
for the calculation of the activity of cupric ions and pH of the electrolyte
supersaturated with copper phosphate. The estimation of these properties
is essential for the study of copper passivation occurring at the current

plateau.
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V. PROPERTIES OF ELECTROLYTES SATURATED
’ .WITH COPPER PHOSPHATE '

A. Composition of the Viscous Layer

‘When the concentration 6f éopper phosphate feaches the criticéi

solubility, the viscous layer.at the anode surfaée contains:
H,PO,, Cu(l,P0)), or [CuOHJ+LHQPoh]" (or both), H,0

The exact nature'of the copper phosphaté soluﬁiéns formed in copper
dissolution in phosphoric acid has_not‘been described as yet. Important
properties_éf the elecﬁroiyte to be‘estimafed are the céncentration éﬁd
activity.of copper ions, the concentration of ffée phosphoric acid, and
the pH of the electrolyte.i B |

Hickling and Higginsl? determined by chemicai analysis th?'COhcen—
tration of copper ibﬁs when solid copper phosphate deposifs»from the
anél&te during the‘anddicAdissdlution of copper. These authofs reported
ﬁhe total concentration of copper ions; This.concentratién is denoteﬁ
henéefdrfﬁ aé‘”analYticalfconcentration.ﬁ Aééording_to Bétasheﬁ and -
Nikitin's cheﬁiéal analysis,66.the ratio ofvthe concéntfétion'of cﬁprous
ions td that of cupric ions, [Cﬁ+J/[Cu++], is too small even to allowi
an estiﬁation of‘its ordef of magnitude. This finding is consisﬁent'with'
the fact that»the_experimental apparent valence\of ﬁhé dissolved copper
is approximately two. |

Figure.5.1 shows’thé analytical coﬂcentration of cupric ions aﬁd'of‘
free phosphoric acid in the sélufidn:atvthe crifiéal solubility of copper
phoéphaté as a function of cqnééﬁtration.of.phqsphoricracid:ih the bulk

eleétrolyte. The upper limit of the-cbnééntratioh of free phosphoric.

acid for IH3POMJb > 5 M/liter corrésponds-ﬁo the concentration of the

free acid when: copper dissolution proceeds according to (case I):
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Fig. 5.1 Concentration of phosphoric. acid Crg and of copper phosphate

Cps at the anode surface. Curve 1; CrleO3 from chemical analysis7’9

Crgs shown as the shaded portiOn, has been predicted in this work .
(in unsteady state experiments), Cps from chemical analysis.l®

i



- -93-
: Cu + H Poh + H 0= [CuOH] HE: Poh] + oH' + 2e” (4)
On the other hand, the lower limit of the free phoSphoric acid concen-

tration for [H POhJ > 5 M/llter corresponds to the concentratlon of the

/
free acid when copper dissolves forming Cu[HgPOh]é (case II):

dCu f 2H3Pog‘= 09++[32Poh];_+ 2H+ + 2 ' (B)
Before the activitiesiof;Cu++.and H+Iions caﬁ be estimated it is necessary
to determine which reaction, (A) or (B), perdominates in the active dis-
solution.ofbco?per. |
It ds assumed here ﬁhat hydrolysis reactioﬁ of_oupric ions is_at‘
equilibrium: |
cu't o+ HZO‘zCuOH-F +H | (c)

70

According to Sienko and Plane, the hydrolysis constant is:

Kh ——C—“—@-—M——l—1><1o6 o (35)
)» '
Evidently, the ratio of the activity of cuoH’ ioms to that of Cu' ions,
(CuOH+)/(Cu++), strongly depends on the activity of hydrogen ions (H+).
As shown in Section D,bthe pH ofvﬁhe supersaturated solutions is in the
range of 1.5 to 2.0. Asla result |

%Q-I%frf ~ 3.1 x 1077 ~ 10')* , - (36)
" (Cu. ) R :

Thls suggests that the. degree of hydroly51s of cupric 1ons 1n the o
supersaturated solutlons 1s very small and that the act1v1ty of CuOH

much smaller than thatrof Cu .



ok

' Based on this ;esult as-well:as'dn the Behavior‘of Yi of’the super-
saturated solutions, we may.nowvassume that:eoppefvbhosphate in the super-
seturated~solutions exists predominantly as.Cu(Héﬁbh)g, and that the
concentration' of free phesphorie-acid is approximately’given by the lower
limit of the possible free aeid region shown.in Fig. S.i. Curve 1 (in |
the'phOSPhoric acid cohcehtratioh less than 54M/liter)'shews fhe.coneen—

9

tration of free phosphoric ac1d determlned by chemlcal analy31s

- B. Equlllbrlum ‘Relation

In the estimation of the brders of magnitudes of properties-of the
solutions supersaturated with copper phosphate, it 1s assumed that the
saturated solutions* are in a state of quasi-equilibrium** and that these
properties can be estimated by conventional methods used in chemical
equilibrium calculations.

Because of.the faifly strong acidity;of the saturated solutions,
only the first dissociation of phosphoric acid is considered:

+ : K D,
H3P0u<——-H H POh _ 1 (D)
The equilibrium constant'Kl is given by
R o
(5 )(H,PO,) R
S T 6 N : - B (37)
The dissociation of copper phosphate is assumed to'occur‘aSvsuggested

by Mercadie;Tl

Cu(H Poh)z;':—-’Cu s 2vH2PO£ - (E)

The propertles of the supersaturated solutlons are assumed to be close to
those of the corresponding saturated solutlons. v :

If the rate of dissolution of copper is completely controlled by dlf—
fusion, the assumptlon of quasi-equilibrium may be reasonable.
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with
(et pol)?
K = Tl P2 4 o ) (38)
™ vCu_H2 Oh)2)‘ o :

Unoer these assumptions, the thermodynamic properties of the solutions
can be celculated by solving Eqs. (37) and (38) simultaneously under the
restriction that theielectric’neutrality of the solution is<preserved
{see Appendix III-1). in the supersaturated soiution.formed at the anode
i .
in concentrated phosphoric acid, as shown in Fig. 5.1, the concentrations
of both phosphoric acid and of coppér_phoSphate are significant. - There
is no conveniest method aveilable for estimating the thermodynamic proper-
ties in such highlyvconcentrated solutions. In addition, it is likely
.that in supersaturated solutiohs the values‘of Kl and Km change with the
composition of the electfolyte. The estimation of the thermodynamic
properties made here is limited to the low concentration region*‘of
phospﬁorio"aoid;_vThe aoti&ity coefficieht of cupfic ions, Yogtts end
that of H2PO£} Yﬁgéoi, are.assumed to be given b# the Debye—Hﬁckel

equation of the form:

S 222
l i )
~-log 'y, = _ (39)
BN a(u)t/2 | |

The activity coefficient of hydrogen ions, YH+; is assumed to be unity,
because the values of Y+ in the H POh H 0 system are very close to

unity vhen the concentration of phosphoric acid is less than L M/liter

The concentratlon of phosphorlc a01d in the bulk of the electrolyte is
less than 5 M/llter
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(Ref. 72), and the values of YH POZ of . the Cu(H POh)2 —'HEO mixture are

not far from unity. ' o -

C. The Degree of D1ssoc1atlon of: Copper Pho;phate and
Phosphoric Acid in Saturated Solutlons :

As mentioned in the preceding section, the degree of dissociation of

phoSphoric acid, 05 and that of copper phosphate, d2; have been calculated
(see Appendix III-1 and 2). .The values of the dissociation constants

adopted here are:

K, = 7.52 x 1073 at 25°C (Ref. T3)
and '
) K, = 3.2 x 1072 at 259 I . (Ref. T71)

For the value of a in‘Eq. (39)5 8;5 A is assdmed, as sﬁggested by
Mercadie.Yl In Fig. 5.2, the degree of dissociation of phosphoric acid,
\dl’ and that of copper phosphate, dg,are plotted as the function of the
concentratiOn of phosphoric acid in the bulk_of.the electrolyte. The
degree of dissociation of copper phosphete is more than teh times larger
than that-of phosphorice aecid in ahyvgiven concentretion of phosphoric-
acid. In’ the high concentrations of phosphorlc acid, only a fraction of
copper phosphate and phosphorlc ac1d are considered to dlssoc1ate. The
degree.of diseocietioh of phosphoric acid in saturated solutions-is leeé
than ohe tenth of that inithe hinarynsystem H3Pdh - H20.' These facts»_

suggest that copper phosphete acts as a strong pH buffer agent.

.

]
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Fig. 5.2 Degree of dlssoc1atlon of copper phosphate, 0p, and of

phosphoric acid, 01, in saturated solutlons near the
anode surface.

al : degree of dissociation of $hosphorlc a01d in the
binary H PO ~ H_ O system.
A al*: degree. o% dissocTlation of phosphoric acid in the

saturated solutions (this work) : -
C)@paé ¢ degree of dissociation of copper phosphate in the
' saturated solutions- {this work).
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D.  The Actiyities of Cupric Ions and Hydrogen
Tons (Low Acid Concentration Region)

el ' .. ++ .
The(act1v1ty Qf\cuprlc ions, (Cu ), may be given as

++

: (Cu })=m o

co 2 YCu++_ o _ (ko)

in which ﬁco,.&z,vaﬁd Yéu++'are‘the initiai molality of éoﬁper ﬁhﬁéphate
(anélytic'concentration), the degrée Of.diSSbCiétién of copper phosphate,
and the activity coefficient of cupric ions resﬁéctively.

,vThé methods of calculation mentioned in Sections B and C of Chapter
.V proyide the }alues of (Cu++) in Ehevlow acid'concentration range;‘ The
relatién between (Cu++) and the concentration of phosphoric acid in the
bulk 6f the électrolyte is shown in Fig. 5.3. The values of (Cu++) are

of the order of 0.1 to 0.2 M/1000g H,.O0 in the acid concentration range

2
. ) + . - .

of 0.5 to 5.0 M/liter. The values of (Cu+ ) in this range of the acid

éoncentrations are much smaller than the analytical concentrations of

copper , for the values of both Q and'YCu++ are smaller than unity.

o
A ’ ' +,
The activity of hydrogen ions, (H ), is

(5") =.mo o Yyt | ' , (L1)

in which\mb, o and“YH+ are the initial molality éf phqsphq?ic,aéid

before«diSsociation, the degree of dissoéiation.of phosbhéricvacid, and

the.activity coefficient of hydrogen ions regpectively. By définition:
PH = -~log (H+) : f o (k2)

The values of pH calculated in this research are compared with those

measured by Batﬁshev and Nikitin66 in Fig. 5.4: The calculated pH values

are in fairly good agreement with those measured. The pH decreases

slightly as the concentration of phosphoric acid increases, suggesting

e
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Flg 5.3 Activity of cupric ions in the saturated solutlons near
the anode surface.

Curve 1: (Cu++) = Moy 0o YCu++ (this work).
Curve 2: (Cu™) = m , o, Y% .1 (this work).

Y+ l’ mean activity coeff1c1ent of the binary
H3POh - H 0 system



- -100-

e

A pH obs (66)

® pH calc (this w-o_'rk)' o
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L Fig. 5.k pH of ‘_ 't,he'_sat'uréted solutions near the anode '§i.1i'face .
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that the saturated solutions.have a strong buffer aCtion._ The pH of the'

- solutions is around two, vhich is one or two untis in pH larger than the

pH of.theobinary mixture H3$Oh— HQO;

The fect that the pH of the saturated solutions'is ;ow* permits'the
simplifying'assumption that only the first'aissOCistion of phosphorict
acid needvoe considered. |

E. The Activity of Cupric'Ions
" (High Acid Concentration Region)

Copper can be electropolished under suitable operatlonal conditions
when the concentration of phosphoric ac1d in the bulk of the electrolyte
is high,** If, as mentioned in Chapter'III,.eleotropolishing of copper
on the‘microscopi; scale is closely related to oopper oxides formed at
the-anode,iit is likely that the‘activity of cuprie ions in the suéer-
saturated solutions ﬁlays an important role in‘thevstability of the copper
oxides. The activity of cupric ions in the subersaturateo solutions, .
HoﬁeVer,’is diffieult to-estimate.: Nevertheless; a spécUlative'calcu-
lation appears to be worth Whlle to undertake.

If Eq. (39), or at least the valence relation of the Debye—Huckel

3equatlon is appllcable in the hlgh concentratlon region of phosphorlc

acid, the activity of cupric ions may be expressed in terms of the

activity coefficient of H POh ions, Yngoi’ (see Appendix ITT):

+y L o : :
(Cu”) = Moo q0u++ YHgPOZf S o (h3)‘

_ . . » . . o .
The degree of dissociation of HoPOf, at pH = 2 is much smaller than unity.

*
In ordinary. operation of electropollshlng, the cencentratlon of phos—
phorlc acid is higher than 5 M/llter
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Th

.According t0 RobinsenAaﬁd Stokes, the mean sctivity eoefficient.
of the ferhary mixtﬁre of A-B-C, Yi,t’ is éeherelly”between the mean
'actiyity'cqefficient of the hinary A-C system, yi;;é and that of the
binary B-C system, Yibc?' - B - | . (1)
Yi,ac < Yi,t < Y, ,be ! _‘ | ' ' .
in which c is‘fhe sol#eet in‘gﬁe mixture. Equatlon (Lk) suggests that
the mean activity coefflclent of the ternary H POh - Cu(H POh)2 - HQO‘

system.ls between that of the H 0 system and that of the

2

3Poh - H

cu(H Poh) - H_ 0 system.

2 2
The act1v1ty coefficient of the blnary H POh - H 0 system has been
calculated by Elmore, et al.72 using the relatlon
. /2 :
} -0.5091 (ch ) / - 3 3
log v, 1- l/‘2 + 2 20626><10 P CH
Tt 1+ 0.3286 p uHc :
+ 2.62692x10~ D (chH)2 o '  (ks5)

in which y+’i, oy, and Cy are the mean acitivity-coefficient of the binery
mlxture, the apparent degree of 1on1zat10n of- phosphor1c1a01d and the |
analytlc-eoncentratlon of phosphoric acid (molarltf) respectlvely. They
have cﬁOSeh h.és for the relue of‘p._ The relatioq between i1 en@ %he :
concentration of phospheric acid, obtained by Elﬁere, et al., is shoWh

in Fig. 5.5. The Value of y% 1 increases rapidly as the concentratioe

of phosphorlc a01d 1ncreases, when the concentratlon is larger than’

5 M/llter On the other hand, the mean act1v1ty.coeff1c1ent of thevve
blnareru(HzPOh)gl- H,0 ﬁixture decreasee as the loﬁic strength of the

mixture increases,fpreyided that Eg. (39) holds for this binary mixture.

We.nbw assume that the mean activity coefficient_bf the ternary

\
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- H POh ~- Cu(H Poh) H O mixture is smaller than that of the b1nary

2.7 T2
H POh H O mlxture, Yi H PO. ~H 0" Then, the pos31ble upper limit of the °
)4— - . . .

'

++ - +
value of (Cu } in any glven concentration of phosphoric acid, (Cu :)u 1

may be given as

(Cu =m0, +(y, =) = (Y
. co‘ Cu ) HQPOM : Belo) YC‘ | _’HBPOM ~-H O

)u.l, ) (46)

N

in which the relatlon Yy Poh Y+ H3POL -i_ o> valid for the blnary

H POh - H.O mlxture is assumed.

2 .
'The.value of ac ++ is assumed to beZO,lS.v‘For'the value of
Y, , We choose the mean act1v1ty coeff1c1ent of the blnary

H POh H O mlxture, -whose acid concentratlon 1s equal to the free
acid concentration in the supersaturated=solution.» In,Fig. 5.6,

‘(Cuv ). . is plotted as the function of the concentratlon of phos—4'

u.l.
phoric-a01d in the bulk of the electrolyte: ‘thevpossible upper limit

of the activity of cupric ions ln very high acio concentration ie many
timesilafger than the activity.of cupric ions calculated in the low acid
concentration region.(see the preceding section). The value.of (Cu++)u.1.
increases rapidly with increase of~acid concentretion.

The:order of magnitude of the activify of:cupric ione can be eetimated
fro@ the rest notential_of.a copper electrode dipned in thé_sﬁperéaturated
solutions.under the folloning conditions: | |

i) The rest potential‘of a copper electrodeiis close to the
equilibrium potential of the following anode neaction (eee f'

Cha?ter VI).

+ o :
Cu=—=Cu .+ e : : _ (F)
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Fig. 5.6 Upper limit of the activity of cupric ions (thisé bv}ork)v.
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Then, we have at 25°C

E, = 0.520 + 0.0591 log (cu’ ) (Ref 75) ' (47)
11) Among Cu , cu’ , and cut , there exists7the following chemical - .1
equilibrium |

cut v cu =2t (G) ‘

The‘equilibrium constant KC recentlyeObtained by Tindall and'
Bruckenstein76 is

4+

. ; |
K = %@11‘) - 5.6 %107 watker  (8)
. Cu ' :

The activity of cupric ions, (Cu++), can be estimated by the com-
bination of Egs. (47) and (L8). According to Dmiﬁrie§,26 tﬁe rest
potentlal of cold-rolled or annealed copper spe01mens dlpped in the
saturated solutlons anodically prepared from phosphor;c a01d>(sp g. 1. 57)
is in the range.0.335 - 0.340 V. This gives. (Cu'™) = 0.98 - 1.4 M/1000
g ﬁeo,_ Thus , we obﬁain’(Cu+)/(Cu++)‘= (6.3 -°7.5) XAlO;h. This activity
ratio is in harmony with the‘measured analjticai concentration fatio6
of Cu+ to'Cu++. Obviously, the values of the activities of cupric ions
obtained from the rest potential are several times larger’than thoser;
expected from the equilibrium calculations (Chapter V—D)

It is suggested from the comparison of the pos31ble upper llmlt -of v : -,

++ - 3 ,
(Cu ) and the value of (Cu") calculated from the rest potential that

unusually high va,lues of Y+’H PO —H O‘ of the H POh H 0 pairv could

l

cause the con31derable 1ncrease of the act1v1ty of cuprlc ions in the -

ternary H. PO - Cu(H PO ), - H O mixture. The extremely high values of
Y L 272

the act1v1ty of cupric ions probably render the copper oxides formed
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- at the anode more stable in the’sﬁpersaturated eolutions than expected

from elementary considerations.

Ff"Cohcluding Remarks
The.composition of the viacous layer.may be represented by the ternary

H POh - Cu(H Poh)2 e H Ocmlxture (except in very concentrated phosphoric
acid solutlons). This agrees w1th.Kr1chmar s VleW,9 proposed after an
experimental study‘of:thevconcehtrationvratio of Cu to P in the viscous
layer.

| \The physico—chemical nature of the viscous layer,could be betterv“
understood if the thermodynamic properties of ternery mixtures of an acid,
avsalt,.and water as the solyent were generally well knoﬁn or'could be

accurately estimated from the properties of the acid - H 0 system and

2
" the salt_—'H 0 system. While it is recognized that the estimation of ther-

2
modynamic properties for the ternary solution inﬁolved a'nﬁmber,of;approx—
imations,-it is significant'that'the calcﬁlated deéfee of dissociation -
of copper phosphate and of phosphoric acid, ae ﬁell as the activity of
the cupric and hydrogen ions, reyealed no extraordlnary behavior patterns.
The calculated degree of dlSSOClatlon of copper phosphate is much larger
‘than that of phosphoric ac1d, suggestlng that the former acts as a strong
- pH buffer agent.‘ The value of_pH.of thefSupersaturated solutions is
"around two and decreaees only very slightly as the concehtration of phos~
phoric acid increases. The anusually high valuee of  the mean activity

coeff1c1ent of the H POh -H O nmixture in concentrated solutlons may be

2
partlally responsible for the hlgher than expected values of the act-

ivity of cupric ionms.
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_VI. ANODE POLARIZATION AND PROPOSED REACTION SCHEME
' IN ACTIVE DISSOLUTION OF COPPER

A¢éﬁrvey,°f the literature shows that very few investigations have
been gonduétéd on the_dissblution of éopper in concéntrated phosphoric
aCid-in‘fhe active region; - The interest of iﬁvestiga£ors of copper
electropolishing has been directed to the anodic;behavior of copper
océurring at the curfent plateau, where glectropoiishing is possible
undér_suitable,operatiopalvcondiﬁiéns. |

It haé been confirmed in this reéearch (Chaptérs‘IVvand V) that in

the "aétiveV region copper dissolves in the divalent state:
++ = : ’ o
Cu—=>Cu + 2e s ' . . (H)

It is to be noted, however, that’the ébovevequation-represents only the _ 
over—éil reéction scheme of cbpper dissolufidn'in concentrated phosphoric
acid;- Detaiied,knoﬁledge on the dissolution kiﬁetiqs of copper in the
active dissolution regi§n is eSsential for a better uhderstanding of
'the,mechanism of the aﬁodé reéctions”tékiné place at the current ﬁléteau.
- For exampie, iﬁ,is father difficuit/to 6xplaih why cuprous oxide can be
formed at the iow potential end bf the_currénf plateau, if the dis- -
solutién reactibn is represented by Eq. (H). Andthef example_is'foﬁhd

in the study of solid films (Chapter VII) with an"impe'dance,'technique‘.
'Without a'knonedge Qf,the overpotential 5ehavior of copper in the active

region, the significance of measured anode impedance cannot be understood.
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A. Anode Polarization
: Bécause of the stréng buffer action of"COpper phosphate ermed'at
the anode, the pH of fhe,superéaturatéd solufiéns doesn't réach a low
value,fbﬁt stays near tﬁo (seé éﬁaptef V). This makesjfhe formation Qf'
cuprous oxide possible at a much lower,énéde poténtiai than would be
required for'the pH of the bulk phbsphoric aéidbsoiutions[ﬁsed.as electro~
polishing bath;' %vv |

Thexsfandard elecﬁfode potential for the formation of Cu,0 according

2

to the half reaction:

2 Cu + H)0 = Cu0 + 2H + 2e (1)

is 0.353 V at pH = 2 (Ref. 75). The standard electrode potentiai of copper

++ - v o :
dissolution Cu = Cu © + 2  is 0.337 V at (Cu'') = 1 and 0.308 V at

(Cu ") '= 0.1 respectively. Consequently the anode potential range in
which anodic polarizatidﬁ curvéé.éan be measured at pH = 2 for the study

++

ofvthe‘kinetics of dissolﬁtion according to Cu = Cu + 2e_'is~oniy of

the order of 100 mV or iess, It is evidenﬁ-that the meaéurement Qf charge

 transfer overpotential’ih the active dissolution'region requires cor-
rections for ohmic potential drOp, concentration bverpotenfial, and

solid coverage.

1. Ohmic Potential Drop Correction¥

The ohmic drop between the anode and the reference electrode makes

the determination of accurate polarization curves rather difficult.f'CUrrentv'

density in typical electropqliShihg'operdtioh'is of the order of
" - . . o ° .

0.0k A/c.mg,2 “which is high énough.to cause a considerable ohmic drop'”_"

» dcross the anode and the referenéevélectrode.v Unfortpnately the

r —— . : B . N " _ D o
'The anode surface is assumed not to be covered with solid deposits.
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overpotential data reported in-the'literaturelto date narelnotrbeen
correctedffor this ommic drop.: | |

Hoar and RothWell3 have obtained reliable pol&riiation curves; which, o *
howe?er,'included the‘ohnic drop between anode and reference electrode.

'They used a dlskrshaped copper anode of 7 m in dlameter fac1ng upward
and. a copper wire of 2<mm in dlameter as a reference electrode. The
janode and the reference electrode were‘embedded in the»bottom plate of a
rectangular cell. The distance between the-reference electrode and the -
.center-of'the anode disk was 0.16 em. The Pt cathode, facing downward,
‘was separated by a baffle plate¥ fron thelanode compartment. In order
. to_estimate the ohmic potential drop in the electrolyte between the anode
and the reference electrode indHoar andiRothwellW51exberimentsg the
follOWing'information'ia necessary:
i) potential distribution in the region wnich' contains the anode
v_and the'reference electrode |
ii) relatlon between average current den51ty over tbe whole anodev
‘surface and local current den51ty at the central p051t10n of
Y the disk anode surface | |
iiij specific reeietlvity of the electrolyte.

Because of the enietence.of an insulator.baffleibetWeenvthe Pt cathode
and the conper anode, the'electroetatic potentiallfield (primary distri-
butioh case) can be approxinated by'tnevtwo—dimensional electrostatic
field shOwn in Fig. 6.1; The . w1dth of the anode is 2 f and that of the

equlvalent counter electrode parallel to the anode h respectlvely

5 : , :
Separatlon between anode and baffle plate was about 1 cm. Distance
between baffle and cathode vas about l cm.‘ : '
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Equlpotentlal curves in a rectangular cell w1th two
parallel electrodes

AA':

BB'

anode

. equivalenf.eounter’electrode.
R:
2f:

reference. electrode

width of the anode

width of the counter electrode

distance between the electrodes

distance between the center of the anode
(2=0, y=0) and an equipotential curve at y=0
distance between . .the center of the. anode and
the equlpotentlal curve at x=0
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The diStacce between . the anode'and ﬁhe eQuivalent.ccuﬁter electrode, g,
roughly corresponds to the half a dlstance between the anode and the baffle
The dlstance between the center . of the anode and an equlpotentlal surface
at x = Ovis q end the distance between thevcenter.and the equipotential
surface at.y = 0 is f;.. | .
vThelrelaticn between (q/f) and (£'/f) at aﬁy given equipotenfiai sur-
face in sucﬂ a two—d1mens1onal rectangular cell is in general obtained
by ch0951ng g/h) as the.otner dlmen51onlessbparameter. For example, in
the'casevo% (g/h) = © the relation can be obtained in closed form |
(curve i in’Fig. 6.2 (Ref. TT7)). The:relation between (Q/f) and.(f'/f)'
| in the three dlmen51onal case 1is approx1mately shown by curve l in Flg._
6. 2 (Ref 78) for (g/h) = . Wagnerlgz.presented an analytical solutlon

for the-current distribution along'the'electrode_AA'; For the two

dimensional case and when g >5 f, iy; =-2/[ﬂ(l—(x/f)2)l/2], and i..p =
' ' - - ¥=0 .
0.637. ThlS allows calculatlon of the ohmlc drop when g >> f. Ishizaka

and Matsuda79

measured the equlpotentlal surfaces in a rectangular cell
illustrated in Fig. 6.1; using the electric trough method. The eiectro—
-lyte used by Ishizaka, et el.vwaS'an acidic copper sulfate SOlution'

(25 g of CuSO)5H,0 and 5 g of H,S0), were dissolvedcinidiStilledeatef

and diluted to one liter);b_IshiZaka.and Metsuda's resultseare shown by
curve 2 iﬁ Fig. 6.2 for the case (g/h) 0. 25 - 1.5. Accordiné to Ishizaka
band Maﬁsuda's experimental‘results, the‘current @enslty'ef thevcenterOf o

electrode AA', i at x=0, is_given_by:
y=0

~ (0.69 - 0.78) i

x=0 ’ CTav.
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. 6.2 Relation between q/f and £'/f in the electrostatic field.

Curve 1: theor tical curve  for g/h = =, two dimensional -
S ~case,’ ! and three dimensional case.l - '
Curve 2: measured for g/h = 0.25 - 1.5.79 -
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in which:i-v. is the ayerage current den81ty (D C ) over the anode
surface. ThlS result when compared to the value obtained from- Wagner 's
“equation, reflects the effect of charge transfer overpotentlal in
Ishizaka?‘et al.'svexperiments.' The_ohmic~potential drop AVl ‘between

the anode and the reference electrode is approximately given by
AV, =}(_ix=o) 2,0 ~ (0.69 - 0.78_'.)_&&&..';110 - | (49)

=0 o A o
in which o and él are the'epecificvreeistirity'of phosphoric acid sol-
utions:and the distance'between the central position (x = 0, ¥ =_d) and
a poSition.along y axisg(yc-ql) respectirely.v The potential.at the
position’(x =0 and'y ;(%0 is the same*.as that.at the:tip'of the ref—:-
erence electrode - Ishizeka and Matsuda s experimental relations between

a/f and f'/f can be dlrectly applied for obtaining ohmic ‘corrections of :
the polarization data presented by Hoar_and Rothwell.

. The polarization curves**’after the ohmic potential drop3correctionA
was made are shown for 6 M H Poh solution in Figs. 6 3 and 6 b, It is
ev1dent that the ohmic potential drop is. quite large when the current
density 1is abovefOfOB A/cm‘. The‘increase of the_specific resistivity
-,arising from the concentrationvincrease of copper phosphate probablyl
doeSnit.have a notiéeable_effect, ‘The'total ohmic'drop can‘increase‘by‘.
onlyva‘few percent or lesa'if.it’is assumed that:the specific reeietirity
' of‘thejsaturated electroljtevislof the order of ll.SIQcme’h and the dif—ﬁ

fusion layer thickness as calculated by Eq. (31) (Chapter IV-C) is 3hu

5 C o , | o
A correction due to the position of -the tip of the reference electrode
in the capillary is not made. This effect is negligibly small.
*¥*

Current density up to the peak current density in the active region

is used for the ohmic correction.
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. Fig. 6.3 POlariZafidﬁ‘curvés'Of horiiohtalvanddeSJfécing upward in

6 M/1 HqPOy, solutions measured by Hoar and Rothwell3 and cor--
rected in this work. Curve 1: - measured by Hoar and Rathwell.3‘
Curve 2: . corrected (corrected for ohmic drop) (this work)
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06 Curve 1 Meosured by Hoor and Roihwell (3)
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“at i '5:0.163iA/cm2 and 72i1at ipk = dﬂO?Y A/cmz,

pk

" 2. Concentration Oyverpotential Correction

Infsteady—state dissolution'under'given hydrodynamic conditions,

“the concentration of copper phosphate at the anode surface increases
‘with the increase of the anode potential and finally reaches the critical

v solubility of copper phosphate The'attainment of the critical'solubilityr

1s detectable by the appearance of current peaks when the rate of electro—
lytelflOW is low. As discussed in Chapters IV ande,'the composition

of the electrolyte.near the anode when the peak'current appears_(com—
positiOnpof_the supersaturatea solutions)'iSIQuite.different_from that in
the bulk of the electrolyte. For example, in a 6 /1 H,PO, bath the
electrolyte at the'anode at the peak,current density containsiz.h M/1

Cu(H Poh) and 2.k M/1 E PO, (Fig. 5.1).

2

Concentration overpotential* at,T°C, nc, is given by

L L+
) I
298 tog 3

N, ~ 0. 0295 (50).

. N ++ ++ . ‘
in which (Cu )S and (Cu )b are activity of cupric ions at the anode
surface and in the bulk'of the electrolyte, respectively. Equation (50)
suggests that the concentratlon overpotential at the anode surface at

the peak ceurrent. den51ty is s1gn1f1cant In galvanostatic dissolution

of copper (Chapter IV—A), the‘concentratiOn of cupric ions at the anode

surface increases with time as given by Eq. (23), The appropriate value

%
The resction overvoltage nr is assumed to be much smaller than the

diffusion overvoltage nd
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of overpotential,* then, may be.obtained from the»cell‘?oltage increase
during_the gradual increase of'the"cellvveltage up to the first cell
voltage Jump, fro?ided that the cathode polarizatien has negligible S
effect on #he cellvvolﬁage;incfease. In lO}OSAM/l.HBPOM solption, the L
gradual increase of the eell'voitage is of the order of 4o to 50 mvV.
'Theveoneen£ratioh pqlarizatioh cen'ﬁe-calculated-by‘Eq.l(SO). The aceivity

' . . . . " . . + .
of cupric ions at the anodevsurface,.(,Cu+ )s’ is

H

(Cu =m ++

) a -
'8 TLO,s T2,s8 YCu »S

, O , and Yéu++ g are molality of copper phosphate before
> . Lo .

in which m_ -
: €0,8” 72,8

o
dissoeietion atithe anode'surface, degree of'dissociation of copper
rhosphate at the anode surfaee5 and aetiviﬁy coeffieient\ef cupric ions
af the ahode surface, respectively. Suffix g!indieates a ?roperty at
the anode'surface; Iﬁ the same way, the activity of cupric’ione in‘the
bulk of.the.eleetroiyfe;.LCu++)b;‘is‘giVen bj:' |

++)

'(Cu ‘b =’mco,b a2;B‘YCu++,b

in which the suffix b indicates the respective property in the: bulk of

the electrolyte. Then welget o S
L R - e 4, - - _
(Cu )S = Peos %Yo s [cu -}s %5 You' s B .
++ ' - s '

m e Yo bt ++ '

co,b 2,b Cu ",b [Cu ]b,q23>YCu++,b
L .. ++ ++, . | ' . : o
in which [Cu ]s and [Cu Jb are the analytical concentration of copper
phosphate at the anode surface and that in the bulk of the electrolyte

‘respecti#ely. Assuming Ycﬁ++ < = Y0u++'5’ we get the relationship
: o s 7 » C

The charge transfer overpotential is assumed to_change in this case only
very slightly with concentration. SeevVette‘_r,lg_l P. 3h0—3hh.
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++ ++
(cu’. )S N
++ '
(Cu )bj' [ou” Jb O

Two extreme cases of’aéfare considered here. First we assume o, _= % i
. e > Qo

In 6 M/1 870, [Ca™"] = 2.4 M/1 as shown in Fig. 5.1, and [cu™] s

O O2.M/l in Hoar and Rothwell's experlments.’ The‘concentration over-

potentlal at 18°C is

ﬁl”eh '
nc 0.0295 298 log o 02 = 59.8 mV

In the other extreme case, (which is considered to be more likely than
the first) the value of'q2ﬁ_is obtained from the'relationship between
a2 and phosphoric acid concentration in the supersaturated éolutions

-(Fig. 5.2)‘and o,. is assumed to be unity (i.e. the concentration of

2.b v
copper phosphate in the bulk of the electrolyte is con51dered to be .
low enough for copper. phosphate to dlss001ate completely) _In this case,

we obtaln

~ 38:mV

It is nery likely that the concentration'onerpotential in 6]M/l H'POM"
‘-solutlon is of the same order of magnltude as that in lO M/l H POh
solutlon ‘when [Cu ] 1s_the same. Hence, we choose thto,SO mV as the
'range-of concentratlon3¢§efpét¢ntlal_ln 6 M/1 h3foh'solution.

klhe charge transfeffoverpotentiel curve after the corfection.for
concentpation o&erpotentlel'as well es ohnic potential drop.ig shoﬁnt
invfig. 6.5. lIt is intereetingito notlce.that theoTafel reletion |
descrlbes the overpotentlalbbehevior quite nellf: The‘Tafel'relationfie

given as .
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. Fig.. 6. 5 Anode polarlzatlon curve of copper after the correctlon of anode potential due to

the ohmic drop and the concentration overpotentlal
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The slope of the Tafelvline_is about 40 mV;perfuﬁiﬁ increase of log i.
io, aa,¥ and na‘are exchange eﬁrrent density, gﬁqdic tranefer coefficient,-
and overvoitage respectiveiy. The value ¢f o, is sbout 1.uk %%

Assuming that the eoncentration overpétential is Lo to 50 mV and the
equilibrium potential of copper in the supersaturated solutions is 0.335
te 0.3k v, we get 0.29 to 0.30 V as the equiliﬁrium potential of cepper

in. 6 M/1 HBPOh solution which contains 0.02 M/1 of copper. Using these

‘values, the order of magnitude of the exchange current density may be.

estimated: _ ) o -4

i, = (3 -6) x 10 ,A/cmg

3."Effe¢t of Solid D¢p§§its'bn the Anode Pqtential

'As diselosed in Chapter IV-A, the.formation ef euproue/oxide‘at‘the
anode starts near i = 0.636 A/cme. The effect of resistive cuprous oxide
or solid:copper phosphate formed et the aneaeisurface on the measufed'-
enode pofential'depends en*how'strongly the eelidS'adhere7te,the surface
and bleek the passage of'eurreﬁf; i{e; onetﬁebaetﬁal free'surfaee aree,’

Solid blocking of the anode surface causes an increase of the anode

potential because of:

i) increase of the resistance of the electrolyte between the anode
~and the reference electrode.
ii) 1increase of current density through portions of the anode surface

yet uncovered.

The increase of resistance'be&ween‘two eleCtrodesvcaused by_partial

a = 2-B (B: symmetry factor)
»& ) )

This value is in good agreement w1th that observed by .Mattson and
Bockrls82 for the dlssolutlon of copper in acid sulfate solutlons
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. blocking of the ahode surface has been calcﬁlated in this research
for the two-dimens1onal electrostatlc field as shown in Fig. 6. 6 Two

electrodes with different w1dth.are placed in parallel in a rectangular

cell o, b The shorter‘electrode, o]

1 71 €1 l 1

partially covered with such a resistive £ilm that no current passes

through it. The other electrode, cl dl’ corresponds to an equipotential
surface, which is at a distance g from the shorter electrode. Two-
dimensional electrostatlc field'problems such as those shown in Fig. 6.6

77,80,81

can be solved by the SchWarz—Christoffel transformation, The

calculation of the ohmic resistance between the 'shorter electrode,'ol &
and the widerfelectrode, 1 di, is made invAppendix,IV;l; The resistance

is given in terms of the complete elliptic integral of the first kind:

(!
A

&[5
il b

F‘= ") . ' v (52)
in which R and RO ere'the resistanceibetweenvthe‘electrode, ol al, and

Other.electrode,‘czfdzg ahd that between two parellel electrodes of
equal width h (uniform'electrostatic.field) respectively. The width of
the shorter electrode is f, and that of the Wider electrode.h; K(k) is
the complete elliptic 1ntegral of the first kind w1th modulus K. For

the determination of A and A", the follow1ng relations are used:

b K(K) f = =5 (,53)

al, corresponds to the anode

Te
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two parallel electrodes

: anode

: equivalenf-counter.eléétrode;

L 4y equ _ Depth of the
-7 electrolyte: one unit length. '



k= | o (55)
e =VN1-&2 (56)
A= V1 - P (57)

The values of K aﬁd_k' are determined from Eq. (54) for a given value
of g/h. vKuatioh (53) éivés thé'Gaiué of u fitting a gifen vlaue of
f/h. The value of A is then given by Ea. (55) and that of A' by Eq. (57).
The ra‘t’:iovR/RO is finally calculated by Eq, (SZ)Ifor the given values of
A and A'. | ‘ |

The relation bétween R/Ro'and.f/h thus obféined is shown in Fig. 6.7.

Figure 6.7 shows that the resistance ratio'R/RO is a function of two

_dimensiohless parameters , f/h‘and g/h;: .
If the surface'statg_of the.aﬁode at‘ﬁedk.cﬁrrent denéitiés in
potentiostatic expériments roughly édfreséonds to that at the first ééll
vdlfagé Jump in.gaivanostatic experiﬁehts;‘the degree of co&erage of‘fhe
anode ;ﬁrfaqe.by solids is less than 0;9 ét fhe péakvéﬁrrent densitieé.

The dimensionless ratio f/h,is approiimétély givén ﬁy:

Lx1-6
in which 6 is the degree éf-ééyerage of the‘anodé éurface by solids.
Then, f/h:is larger ﬁhaﬁ 0.1 at péé#»cﬁfrént;densit;esﬂ “The thiéknesé
of thé diffusion layer on the‘aQOde in 6 M/1 HéPOh:solutions ianoaf
and Rothwéllfs‘experiments.is'calcﬁlated to be‘of the ofder"dT'Bh'4

= 0.077 A/em®.

microns at i '=‘O;l63 A/émg,and 72 microns at»ipkv

pk

Assuming the order of magnitude of h at peak'current_densities to be less

than ten microns for polycrystélline_Coppér, the dimensionless parameter
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Fig. 6.7 Relation between R/R, and f/h(calculated in this
_work) (R/R,) = h/f. | S

g/h>0
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"~ g/h ié'iarger than 3 for 0,077?A/cm2'<-ipk < 0.163.A/bm2. As discussed

in_Chaptgr Iv, ﬁhe peék current.densitieé'in.Hoar and Rothwell's exper-
imgnts are in good.agreement with tﬁe'¢ﬁfrént densities thebretically :
: calculéted in this.résearch.'.Uncertainty'inVoived in the transferenge.
number Qf‘cﬁpric iqns at_the anode’ surface might cause an error of the
orderlbf‘lo% (With £'

+ =.O.i, the calculated i ‘increases by 10%),, The

-+
Cu pk

value of the dimensionless diffusion resistance R/RO, then, is approximately

l.i‘or‘leSSf
-It is suggested from the ab0ve’argumént'that'af-fhe peakVCurreht
densifies, whiéh'argfdiffusion—cdntrolled; the following relations hold:
f/h > 0.1, |
g/h > 3,
andv .
- R/Ro'<_l'l K
The valﬁe;ofvg;in the,electrostétic_fiéldiét‘the anode surfaée islmuch 
larger than the Qiffusion filn thickness. This leads to
R/R$  (in the eleétrostatic.case)—;—t-l .
Thus , it'is very likely'thatfthevsoiid deposité haVé Qery'little effect
On-the'fésistance between'the anode'ana the.reference electrode, but thgy
do affect the}current'densitY'through.portions of the énode surface still .
ﬁncovefea;‘vFor example , at‘f/h.= O.S and g/hv; lO?ithé'vélué éf R/Ro

is l.OL, whereas the trﬁe current density through uncovered'portidns'

increases twice. A two-fold increase of the true current density increases

-

“the anode potential by only 10 mV at ipk.=10,l-A/cm2.

'

1td
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B. . Propbsed Reaction Scheme in Active Dissolution of Copper

AstdiScussed in the precediﬁg sectioﬁ, the aﬁéde polarization of
copper iﬁ the'active fegion obeys a Tafel relétion. The élope of the
Tafel line obtained in thié research is about hb mV per unit change Of/log
i. The}élope'of ;he Tafelvline found'invcoppefvdissolution in 76% H3P0h
solutions by Petit and Schmitth8 ié'abouﬁ he_mv per unit change ofvlog i
when the anodic éufrent density is.loﬁ:and the'céfrection of the ohmic
potentiai drop and concéntrationrpolarization discusséd‘in thé preceding
sectibn‘is'unimportanf. | V

The transfer coefficient aé obtained from ﬁhé.élope of the Tafel
line is 1.hk in this'wprk and 1.1 in Petit and Schmitt's'experiments.

It shoﬁld be noted that the vélue'of fhe transfer coefficien£ obtainea.
inhcopper dissolution in concentréted phosphoric acid is-ih good agrée—
ment'with_that obtained in copper dissolution in acidic'sulfate‘solution.
The transfer coefficient in tﬁe latfer case hésvbeen measured by Mattssoﬁ
ahd_Bockring and others. The tréﬁsfer coefficieﬁt is very clésely‘
reléted to the mechanism of multistep reactions.ah According to the
mechanism proposed by Mattsson.and Bockrisgg.and.later supported by mény
others,83 copper dissolveé in‘acidic sulfate solutions at high over- -
voltageS-as follows: | |
| Ifést e .
Cu——Cu +e | (F)
'Cuﬁ—iEEL>Cu++—+ e | - (7).
Aécording to Mattséoh énd_Bockrié, cufrent density in this mechanism

is given by:

i =1, fempnp/m) - exle - 9 npml| 8
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in which B*_is_assﬁmedrto be'0.5.  Hampson and Latham's recent Wbrks5
shows that copper dissolution in nitrate sdlutions also'invdlves‘the_élow
step Cu > Cu + e at high overpotentials.

Ifiphosphaté ions havevno'special;effeéf on the dissoiution and
deposition mechanism of copper, it is very likely that copper dissolution
in cOncentrated.thsphoric acid solutions at high bvervéltages may also
be written as

- fast + =
Cu=———Cu . + e

+ slow ++ . -
Cu ———Cu +e .

, The,currenﬁ_dgnsity i iévgiven.approximafeiy by thé-second térﬁ on the
'rightbﬁand sidé of Eq.'(58) w:;d:h.f..%"= 0.5 (aa'= é—B).'>The.anodé poténtiél
%s giveﬁ approximately by‘Eq. (L7).. .

| The éonééntratidn of copper phosphéte at_ﬁhe.anode_surfégé increases
with‘the-inéreaséjiﬁ anode pdtentiai aﬁd finallyireacheévtﬁe qritic&l‘-
soiubility. The_cﬁrrent densify_is, then, controlled bytthe diffusiqn
raie-¢f ¢opper phoéphate.aﬁvthe'critiéal_solqbiiify éﬁd is indepéndént
of further incregse in anode potential. Under this éondition; even'>
electrode reaction (J) may Ee in quasieequilibrium or not far from quasi-

‘equiliﬁrium. If‘tﬁis is thé qase,.the order 6f magﬁitude.of tbe acti§it&
of cupfié-idns can bevestimatéd from | ’ | |

g = ouD)?

c ++

=s5.6x20T . (u8)
(Cu ) - ' '

in which the activity of cuprous ions, (Cu ), can be calculated from.

the anode  potential:

Symmetry factor.
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E_ = 0.520 + 0.0591 log(Cu') e

According'to-Dmitriev,26ethe rest potential'of'cold—rolled or-annealed
copper spec1mens dipped in the saturated solutlons anodlcally prepared

from a phosphorlc a01d solutlon (sp g l 57) 1s in the range 0. 335 -0.3k40 V.

" In thls potentlal range, ‘the calculated order of magnitude of the ratio

(Cu )/(Cu ) is (6.3 - 7 5) X 10 h Batashev and Nikitin66'found that

the ratlo of the measured analytlcal concentratlon of cuprous ions to

L

that of cuprlc ions in saturated solutions is too”small to allow even an

_ order of magnitude estimate. This'finding is harmony with the low estimate

D R U ' -
of (Cu )/(Cu +) developed in this work.

C. Concludinngemarks‘

»‘Apparent anode potentials’measured with respect to a reference :
electrode include the ohmic potnetial drop due to the resistance of the

electrolyte between the snode and the reference electrode, concentration

overpotential at the anode surface, and incérease of anode potential due

to solids on theé anodeisurface.- When the current density is of the
order.of O.l A/cm2, or larger the ohmic potential drop-is substantial

unless the ‘distance between the anode surface and the tlp of the reference

'electrode is sufflclently short In this current-density region, the

ohmlc potential drop is the main factor respon51ble for obtalnlng erroneous _

. values of anode potentlals. When the measured anode potentlal is corrected

for ohmic drop and for concentratlon overpotentlal we flnd that the rate ‘

of actlve dlssolutlon of copper at hlgh overvoltages is qulte well repre—

sented . by the Tafel relatlon (charge—transfer control)

Am.hlgh overvoltages,* copper‘probably[dlssolves according -to the -

* R N . .
n > 0.03V.
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following two-step mechanism:
fast | + -
Cu——=Cu + e

+ slow = 4+ —
Cu ———Cu + e

-Undér>éharge—trah3fer contfdl;.fhe gonqenfréfion of coppér Phosphate
at the énode surface dépendSvdn_ﬁhévaﬁbde cﬁrrént'deﬁsity and on the
transport ﬁroperties of éleéfrbl&te; uﬂder given’hjdrodynamic cohditions

thevconcenﬁration of'CQPPer-phésphafe‘increaSes'With‘i#créése of anode
"potential, iThevéoncentfafion of co?per phoéphate:at'the:anode suffacé'
finaily-reaéhes the critiéal solubility,_and diffusioh control séts in. v
The current density is‘novlbnger under chafge—transfer confrol and
electrode.processes asséciated'with‘paséi%ation:of éopper occur as the
anodé potential ié further incfeasedi As'discuésed in Chéptér VII,:the_
formation of cuprous oxide in the Supersaturated sblutiohs (pH = 2)_is

thermodynamically possible for i'> 0.0l A/cmg.

¥ i v E Lo - '
In typical electropolishing operation, current density 1 is larger than
0.01 A/cm®. ' ' ’ - - ‘
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VII. . PASSIVATION OF COPPER AND PROPOSED REACTION
'SCHEMES AT THE CURRENT PLATEAU*

The study of the anodlc behav1or of copper at the current plateau
is of cr1t1cal 1mportance for the understandlng of the mechanlsm of
electropolishing. The_current plateau is quite:wide; the‘potential range
of the.plateau in typical.electropolishing is of .the order oflone volt
or hlgher. | |

As described in dhapter'III, the existence'of invisible solid films
on the.anode at the current plateau has been well established. Tt is now
uidelyibelieved that invisible films play an importantvrole in electro—
polishing on the microscopic scale.h.However, eurpriSingly little is
known abOut the’electrode brocesses'associated:wlth'theﬂfOrmatiOn of
‘s01id films at the current plateau. |

There are two'potential regions of the current plateau in which we
'are espec1ally 1nterested from the view p01nt of electropollshlng One
is the low—potentlal end of the plateau at which brlghtenlng of the anode
-takes place. The other is the hlgh—potentlal end of the plateau at
which,good_electropollshlng occurs under sultable'hydrodynamlc.condltions.
Without knowledge about the_electrochemical behavior of‘the anode in-
these potential regions, it is'almostvimpoesible to find outhsome salient‘
features of brightening and electropoliehing onfthe miCroscopic'scaler

‘ U51ng 1nformat10n developed 1n Chapters IV v, and VI, ae well as.

avallable experlmental data from prev1ous work related to the anodlc

'behav;or at the current plateau, electrode reactions at the plateau will

Range of ‘anode potentlal which is hlgher than: peak potentlal but lower
than the onset potential of .the transpassive reglon
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be interpreted'in this chapter on the basis ofhthermodynamic'principles.

A{ Formatlon of Cuprous Oxide at the Low—Potentlal End
‘ of the Current Plateau ) ‘ A

Brighteningbof'the anode spec1mens takee_place.at-the descending
portion of the current peak (section BC.in Fig.vz;l)..,When theﬂpeak
current density is low, a noticeable current peak,appeafe at the low-
potential end of the plateau; It is genefally”accepted (on the‘basis
.of the color of the fllm and from the potentlal* at Whlch the fllm is
formed)'that cuprous oxide forms at the low—potentlal end of the plateau
Confirmation of cuproué'okide has been made by sevéral investigators
v with electron diffraction analysis, (eeevbhapter:Illj; Deziderev;
Gorbachnk;vand Sozin,ho for example,:foundvthat'cuprous oxide of the
- most perfect grain stnucture is detected When anodic dissolntion_of'copper

is carriednout in.the'low—potential.region of_the platean.f It ehould'be
noted, however, that the conditions for formation of cuprous oxide in
this.region_haven't.been guantitatively established eo far.

‘Accoralng to‘Vetter,6l_paseitationlof an ahoée;netal inpan'electrolyte
is'poseible if the electrolyte is.saturated with an oxide of'the metalh
formed in the passivation.process and.the.rate of”production of'the oxide
.1s hlgh enough to supply the amount of the oxide lost by dlssolutlon in
the electrolyte. ‘
| It is des1rable to examine'first whether cuprous'oxide is etablec
in the solutlons supersaturatea w1th copper phosphate. ‘Cuprous oxide.on
the anode and in contact w1th the anolyte of low pH 1s.sub3ect to the

'follow1ng de_gradatlon.86

Without correction for ohmic.potential drop.
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Cu,0 + 2 H —»Cu + cu'” +H0 . (®)
This degradation reaction can be conceived to occur through local cell
action: . ‘
N - | : . : .
Cu0+ 2 E —»2cul’ +HO+2e (L)
and

0+2H +2e —»2cu+H0 (M)

- Cuy 2

At équilibrium; we get the félldﬁihg relation at 25°C (see Appendix V-1):

_ 0.268

++
- log (Cu )= 00591 -

2 pH: : - (59)
"The equili%rium reiation'between (Cu**):énd pH, given by Eq. (59); is
shown by‘line K in Fig; T.l. The stability of.cuérous:oxide'dépends oﬁ
the actiyity_of cupric:ioﬁs and pH of the eléctrblyté}  As derivedvin
Chapter V, the pH of ‘the superéaturated.SOIﬁtioﬁs is éppfoximately 2.
The aétivity of cupric'ions in the supersdturated sdiutiOns is difficﬁlf
» tc est;maté; it may be in thé”fange OLlS to 1.3, (éee’bhaﬁter.V). Thefee
fore, cﬁprous'oXide in coﬁtact with the eleétfolyte,shouid bé in |
the‘thermodynamically‘unstable regidn (below=line K). If this is the,
case, high overvoltagévis requiréd fqrfthe fofﬁafibn:of.Cubréﬁs bxide.
Now Wé must iHVestigate whethér'tﬁefsélid filmvfofmedvat the ahodé'
is really cuprousvoxide; It has been confirﬁed by‘Hickling anleaylof;87
Wakkad énd Emara,88 and others, that the oxidatioﬁ of copper td,cupréusJ
oxide in electrolytes of pH highér thah 5 tékes place accordiné to the:
half regétioﬁ (I): . ) J

2 Cu + H 0 =ﬂcﬁ20 + o H +2e” . (1)
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E = 0.471 - 0.0591 pH . (Ref. 75) =~ (60)
hine 2 in Fig. 7.2 demonstrates‘the'relation between anodebpotential:and
pH of the electrolyte, as obtained by’Hickling and Taylor. This plot
shows that the measured anode potential at a given‘pH ie a little higher
-than the theoretlcal value (llne l), except at very hlgh pH Deviation
of the measured anode potentlal from the theoretlcal value increases as -
the pH of the electrolyte decreases.

Giles ~and Bartlett, 45

and Valeev.and Petrov'll6 polarized.copper'anodee
in concentrated phosphorlc ac1d solutlons to a potentlal in section BC in -
Fig. 2%l'and then observed potential'decay fdllowing interruPtion. The
‘anode potential first ohserved after the”circuitvnas hroken was 0.39-0.41 V.
We w1ll call this the 1n1t1al potentlal The initial potential thus obtained
probably isn't far from the. equlllbrlum potentlal for the formation of
cuprous oXide,*.provided thertime constant of the solid filmycapacitor is
much snaller than the rate of changeiwith tine of the corrosion potential
of the film. As shown iﬁ Fig. 7.2,:the:initial.notential'obtained by
Gileevand ﬁartlett; and Valeev and Petrov‘(assuming pH = 2) is about‘SO mv |
higher than the theoretical potential and falls between linestl and 2.

Thie analyeis'snpports the view that,copper'is oXidized to_cupfous_
oxide.acdording to the oyer~all reactlon'(I)iin-concentrated phoephoric
_ acid solutions sﬁpersaturated'with conper phosphate.
If the rate of formation of the oxideeof conper is & strong functionv

of anode potentlal, such as an exponentlal functlon and the d1ffus1on v

rate of copper phosphate on the solutlon 51de is affected only sllghtly

* .
i.e. corresponding to the composition:of electrolyte at the surface,
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electrode reaction (I).
Line 1: theoretical line - _
Line 2: observed line in high pH.electrolyte )
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by‘the increase ef_enode pqtehfial-(as:discuseed iater),the degree‘of
coverage-ofethe anode surface_by the oxide shouldlinefease_very raﬁidly
with;the inerease of anode poteﬁtiai. This:prebablybgivee rise_fo a
current ﬁeak. It is very likely that the.peak potenﬁial_at a very low
peak current density is close to the eQuilibrium poﬁential for the for-
mation_ef fhe oxide. From‘tﬁe values of peak ﬁoﬁential ﬁeasured by Hoar
and'RotﬁWell, we cenvobtaln by extrapolatlon the value of 0. 35 V for the.
peak poteﬁtial at very lpw peak“current dens1t¥: ThlS estlmated value:
is idenpieei tovthe fheoreticalvvelue at pH = é.‘ This gives more supﬁoft<
fof ﬁhe‘view fhaf cuproﬁsvoxide‘forﬁe aecording fe theeover—all reaction
(I)'/_ : S _ : :

| ‘Assumlng the two- step mechanlsm.for copper dlssolutlon .the formatlon

of Cu O may be glven as:

fast S+
2 Cu-———*-2 Cu + 2 e

: X |
2 Cu + Hgoii£EL>cu20 + 2w

T _" B; Pass1vat10n of Copper Anode Surface by Cuprous Ox1de

Brlghtenlng is closely related- to the pa531vatlon of the copper anode
eurface by cuprous.ox;de. It is rether surprlslng that prev;ous work
on thebpessivafibn of copper in concentrated phosphoriclaeid solutions
is of a father qualitative nature In contrast the passivation of iron
or nlckel in various medla has “been the subJect ef 1nten31vev1nvest1gatlons
resulting.in quantitati&e treatments of the-mechanisﬁ §f passivation.89 ?3

Tt should be noted that there exists a striking difference between the

passivation of iron and that of copper. In the former case the rate of

dissolution of the passivated iron is eontrelled by the rate of chemical
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3

4

dissolution of thé film on iroh, whereas as shown by -Hoar and Rothﬁell

passivated.copper dissolveé under diffusioﬁ_éohtron.>

In the following we ﬁiil assume that the péssive film.formed Qh the
anode 1is méinly compoéed.of cupfous.oxide and that’solid ¢opper phosphate -
depoéits»have very ;ittle effeét on thé paésivétiqn_process. No con- |
sideration.is given fo surfaée roughhéss;v Under_given_h&drodynamic con-~
ditioné.the process éf'spreadihg of a cu?rous oxidévfilm ovér the anéde
surface may‘ﬁe descriﬁed? by : B |

=g i)~ (e

and
= =i (1-6)-1i.8 . (62)
(Bt-E a4 2T B~ .
h%H

~€-i}-—t

in which iéﬁ’ il, 12, "are the superficial current density

supplied from an external current soufce, the.éurrent density for»activé

B

6, t, ¥, and i

dissolution of copper, the currént density for Cu.0 formation, the fraction -

2

of copper surface already passivated by Cu.0, time, the area covered per

2

coulomb for Cu20 formation, and the‘avéfage rate of degradation of the

passife film zwhich:has the same dimensions as cﬁrrent density), respec-

tively. At steady state, we get. L o ,

Tt N )
B
and ' .
S PR , :
T P —3 . ‘ ' . (6h)
ex i, o : ,
1+ —

¢

* < .
It is assumed that current flows only through portions of the anode sur-
face still uncovered with solids.: ic o is neglected. ' ' '
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Under diffuéion control, the Tafel relatidn-for_active dissolution of
copper, Eq. (51), is not appliédble for i, inqu.’(6l). There is no

availableéinformation on i, and i Howéver, the fact that the apparent

50

2 B’

valence of dissolyed cdppef at the ;urrent plateau is two suggests that

i. is much larger than i Assuming 1. >> i., Egs. (59) and (62) reduce

-1 2" 1 22
to A
i, =1,(1-8) o (65)
and
i i '
L-14 2 (66)
i i _
ex B

' Under'difquion'COntrol the felatioh'betweeﬁ ébsérvéd current density,
iex; and fhe'current.aehsity-thrgugh pdrtions'of the anéae surface still
pncOvered,vil, can bewébtained.ﬁy éonsiderihg fhe inérease bf masS;
transfer resistance caused by partial blocking of the gﬁode surface fdr
the.paQSagevof mass tréﬁsfer cufrent.‘ For the sake of éim@licity, we
Will consider a twoédiﬁenéionai case in an almds£ éfagnant solution. Thé
,méﬁhod adopted in this section is, therefore, applicable only for low

peak current denéities. Névertﬁeléss, it is tovﬁe ekpected fhat some
interééting ihformétioﬁ on Brightening'can be dbtained under these fe-
strictiéns. ‘Avlbw rate Qf.stirring-(or/absence.df fofced'c§nvectibnjlis
cbﬁsidered desirabie for.précﬁical’brighteningland eleCtrépolishing éf
copper_in‘concentrated phosﬁhoric‘acid soiutiéns; Figufe 7.3 describes
a two-dimensional model»of.an anpde sﬁrfacé wﬁich is partially_cOvered
with.cﬁprous oiide. The.reievaﬁt diffﬁsion préblem-can be solved by |
considering diffusiqn in & pnit comﬁértment,_whbse width along the anocde

surface is h. ' The width of the portion still uncovered in the unit-
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S Flg 7 3 A.two~d1men51onal model for the anode partlally covered .
. ‘with: cuprous oxide. = The width of the unit compartment
, is h, and that of" the portion §till” uncovered in the

‘unit compartment f. The. thlckness of - the cuprous oxide :1"

film is assumed to be much less than ‘the’ dlffu510n :*
thlckness (O ‘:f un1t compartment o

§
Iy



vy,

i /iex >> 1, which is typicai in irohlpassivafion;IShouldn't'be expected

.'--lLl' lf

compartmeﬁt_is f. The diffusioh_thiékness'and depth of the unit com-

) partment are § and unity, respectively. -According to Todes and Shapiro's

theoretical study,9h the relative“diffusion_reéisfanqe, RD/RDO,»when'the
concentration of a diffusing species at the anode surface is constant

regerdless of the value of 9, is given by

5 A s ‘ ‘ -
D 2h h g , - (67)
§55.~:l + ng 1n 7 for E—i.>>_1 . .

in*which'RD is the diffusion resistance for.a-partially coveied surface

(6 =8), and R_ ' that for a bare surface (6 = 0). It is'tQ be noted

DO
that EqQ'(67) corresponds to R/Ro'inithe electrostatic case when g/h is
sufficiently large (see Fig. 6.7).: Assuming that the diffusivity of
copper phosphate, the cOncentratiQn of copper phosphate at_the”anode

surfa¢e, and -the diffusion thickness are constant regardless of the

magnitudeFOf applied7anode potential, the following approximation can -

bée made;

_RE,;f'. o L , o
i =1 + s In 775 - | (68).

when f/h =1 - 0 and i, = peak'current'density.:

pk

Equation (68) shows that ipk/iex increases as the_passivationﬁproceeds.'f'»

and that it approaches unity whehvézis much larger thah h. The condition"

pk
in the péssivation process of copper. ‘In_the'iimiting case when f is' of s
the order of one angstrom (possibie at‘initiatibn Qf non-porous film),
pk/1ex,'when.the

electrolyte is a 6 M/1 HéPOLL solution, the peak current density 0.03k45 Aem®
o : S | j

Eq (68) gives 1.1 - 1.5 as the order Qf<magnitudé'of i
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v(G = 162 U), and h of the order of 2 to 10 U. Observations performéd

by optlcal:mlcroscope (see Chapter V) 1nd1cate that this range (h
2 -~ .10 u), is probably reasonable for partlally etched polycrystalllne
coper. Earlier observatlons3 2% 25595 show that 1 /1ex c* for poly—»

crystailine copperbin solutibns of 6 - ll.M/l H3POh is ‘in the range of

© 1:0 to 1.45. It istinteresting'that ipk/iex o measured ‘at room temperature

<

is between_1.35 and 1.45 as the’peak1cufrent density approsches zero

(see Chepter IX). For 641, combination of Eqs. (63) and (68) gives

iex ?ll'f ﬂd .(ln 12 -.ln 13) o (69)

It is assumed that the rate‘of'degradation'of the passive film, iB’ isw

constant and the rate of formatlon of cuprous ox1de, 12, is glven by the

foilow1ng form frequently adopted for the rate of formation of a metal
89 ‘ '

oxide: o : _
i, = iy, exp (0‘2an.2_ F/RT). - (70)
in Whicn"nédisvovervoltage..icombining Eq.'(69)'with (70),'we.get

i S | 2 hFo,
PR gy 2B, 20 a8 ;- . (T1)
i, TS ig 6 RT 2 . B

The second term on the rlght hand side of Eq (71) is to befconstant;l
prOV1ded that h and 6 are constant, i.e. 1ndependent of anode potential;
The transfer coeff1c1ent qza for Cu20 formation; o? at ieast ha2a cen.
be estimeted from Eq..(Tl), if accurate current vs._potentialrcurves_in

the passivation process are available; Brightening of'copper,is obtsined

near the onset potential of the first perfect plateaﬁ, pointvC'in Fig{ 2.1.

Current density observed near point C in the current plateau in Fig. 2.1.
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It iskimportant to know whethér anode surfaces subject to brightening are

‘completely covered with a non-porous solid film. This question can be

answered using the above relation between'(ipk/iéx) and (1 - ), provided

h is acéurately known.

The resistance of the anode film per Unit apparent area has been

estimated in this research (see Chapter VIII) using available impedance

data.33  The values of the film resistance per unit area are 2.1 and
h

electric reSisténce of the anbde film is pfedominantly:determined by a

2.5 Q at E_ = 0.52 and 0.57 V respectively (see Chapter VITII). The

liquid film at‘unco?ered:sités, if the liquid film directlyvcontacts the
anode. Using 11.5 {lem fof the{électric resisﬁivity of the anélyté,g?h
assuming.the film thickness of‘CuéO to be lesé than 20 A; f tovbe 6f tﬁe
order of.one angstrom, aﬁdvh of the order of 1 —flO H, the'reéistance of
the anode film.pe£>unit area is of the order of 0.023 —'0.23 Q or léss.

The observed value (2.1 - 2.5 Q) Qf the film résistance is one or two

orders of magnitude higher than the estimated range. This difference

between measured and estimated resistanceé_indiéatés that when the anode

is brighteﬁed the anode surface‘is'most 1ikely'covered with a resistive

inon—porous film of cuprous oxide.

Strong support was providéd.for the view that a non-porous film

.féoverS'the anode in the brightening region by N¢Vak,3et al.‘s3h recent

ellipsometric étudy.
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C. TFormetion of a Black Film

In the potential region C C!' in Fig. 2.1, the anode surface is
covered with a thin black film observable with a microscope. The black
. i : N . 332535u . o S ]
film is probably cupric oxide in loose contact with the anode
surface. Rather surprisingly, the formation of this‘black>film has not
been so far subjected to detailed scrutiny. .
Let us first examine the stability of CuO'in’contact_with the

solut&ons supersaturated'with copper phosphéte. The cheﬁical degradation:

of Cu0 in solutions of low pH occurs by the reaction:

. . | . _
Cud + 2 H ——=Cu'" + H0 - (P)

At equilibrium, the foliowing :r'e_lat'ion'-(5 holds:
log (Cu ) =7.89 - 2 pH o v (72)

This relétion is‘shbwn by line E iﬁ Fig.‘7:l.. The rééion detérminéd'by
the activity.of cupric ions (_0.1".- 1.3') and pH ‘(_about 2) of the .s\upex.'-‘ g
saturéted electrolyté layer néarrthe anode Surfacé'is loéated in ﬁhe
unstable side (below lihe P) aﬁd far frdm the line P. This suggeété_that

Cu0 is chemically much more unstable than Cuzo. Obviously, a high

overvoifage is required for.any appreciablé-formation of.CuO. vAs_mentioned
in the preceding secfioh, théré is ;ittlé_dogbt_fhat-a npn—pbréus:filﬁ..
CCuéOLYQQYers'tﬁe'anode:surfééé when tﬁe'anode'pofential isbneér ﬁdiht
C in Fig. 2.1. | |

In aﬁodic oxidation of copper iﬁ solutions of high pH; it isvéené

687 ,88.

erally accepte that at least two oxidation reactions take place:

2 Cu + B0 = Cuy0 + 2 H +2 e (1)
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and
Cu0 + HO =2 Cud + 2 H +2 e B (¥).

The eQuilibrium'relation between E

)75

,, and. pH of the electrolyte for electrode

reaction7(N is given by
" E = 0. 669 - 0. 0591 pH . o (73)‘

in which the act1v1ty of Cu O ‘and that of Cu0 are assumed to be unlty
Electrode reaction (N) has been lnvest;gated by a number of workerSST 88
under gelvanostatic conditions in solntions of‘high pH; The galvenostatic
" method isn't, directiy applicablecfor thetoxidation of copper in'concen—
trated phosphoric acid soiutions,‘beceﬁse'the orerQOltage.for'oxide'.
formation end the ohmic potentiai'dronlacross the.so}id fiiﬁ are too high
to compare the potential-arrest'in tne"potentisi vs,,timevcuryes:with
the equlllbrlum potential of oxide formatlon -

Rest-potentlal* studies provide 1nformat10n ‘about the potentlal—
determlnlng-reactlons.of an anode at rest and about the thermodynamics

96

of the system.”” In the following we will discuss what information can

be obtained through a rest—potential study of the formation of an'oxide
_of copper at the first perfect current plateau.** The open-clrcult
decay curves of oxide electrodes in corrosive medla——after the condenser

of the oxlde fllm dlscharges——ln general should be 1nterpreted in terms

96 97"

of corr051on potentlal Thls cons1deratlon is necessary for the_

'

interpretation of the open—c;rcult'decay'curvesrof copper’anodes covered

* " .
Arrest potentlal in the open—01rcu1t potentlal decay curves.

Sectlon CD in Fig. 2 1.
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with the black film, for CuO is unstable in the saturated solutlons. In-
the higher potential region of the: current plateau, (sectlon D F in Flg
2.1), lt is likely that thevformatlon of an unldentlfled copper‘ox1de' o uf~‘
(hlgher than cuo) takes place (see Sectlon VII—D) The corrosion potential
of the anode after the c1rcu1t-1s broken then may appear as the result
of a local cell composed- of the reductlon reactlon of the unldentlfled
hlgher oxide and an oxidation ‘reaction (reactlon X) which we are,trying
to identify here. If the corrosion potential isiunder cathodiclcontrolé2
soon after_fhe circuit is broken, the'obeerved1corrosionvpotential.atntbe
second break (¢3 ineFig; T.4a) is probably closedto the equilibrium
potential of'anode(reaction'(Xi.d Th the lower potential reéion of the
current plafeau, sectionvC c! in»Fig.cé;l, onl&vanode»reaction (X).may be
'imporbant for ouerOneideration{ Then, the corroeion potential at the
flrst break of the sectlon of gradual potentlal decay is probably close
to the equlllbrlum potentlal of anode reactlon (X).
: In Valeev and Petrov's interruption experiments,h6 when tbe anode
is first polarized to the higher potentialvregion:of bhe current plateau
and theicircnit is broken the second break- in thévdecay-curves, (¢3_in
Fig. T.4A) occurs at 0.58 V. ‘It ie4interesting to note tbatvbhié second
break 1is approximafely.independentlofrbhe anode pobential before tbe
'circuit is'broken; This euggeets thatvtbe unidentified nigher oxide
of copper is much more unstable in the electrolyte than cnpric‘oxide.
In Gile5~and Bartlebtds experiments (Fig.'T.hB), the.second break

occurs at'about:O.SQ V. These values-of the second break potential, ¢3;
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Flg 7.4B Open»c1rcu1t potentlal of ‘copper anodes after the circuit
- was cut off. .Anode potentlal was measured agalnst a, calomel ’
- (0.1) reference electrode (after Giles and Bartlett: 5)
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.

at pH = 2¥-are very close to the theoretical value of‘O.SS V for electrode

reaction (N).-
'Hickiing‘and Teylor,87 and Wakkad aﬁd EmereSB measured under gal-
vanostatic conditions the relation betﬁeen the pdtentia; arrest;of_copper

:anodes corresponding to.eleetrqde reaction (N) and pH of the electrolyte
(neutral‘and alkaline solutions)f ‘Figure 7.5‘shoﬁs that the arrest
potentigl measpred>by them is very neaf.to ihe theoretieel line of elec~
trode'reactien_(N) (line N).

Comparing the results obtained in this reSearch'with'those in high
pH eleetrolytes, we can conclude.thet the second break in the decay curves

is a corrosion potential very close to the equilibrium potential_of'

electrode reaction (N)f 'According_to Giles 'and Bartlett's experiments, the

first break potential in the decay curves gradually increases with increase

of the cell voltage and finally reaches 0.58 V, (see Fig. T.LB). The -
value of 0.58 Vvis also very close to the fheoretical potential for
electrodeAreactioﬁ (W) at pH = 2. The gradﬁal inqrease of the first break

potentlal w1th increase of the cell” voltage suggests that the coverage

2

potential. Complete coverage (O = 1) may be'difficult to attain unless

of the Cu 0 surface by Cul- proceeds gradually w1th the increase of anode

the formatien of an gnidentified higher exide of copper sets in; This e
is im.agreement with the strong ipstability ef CuO in contact with
Saturated solutions. - B ; T ' . |

Instability of the anode film, manifested in osciilaﬁqry phenomena
(current oscillation in potentiostatic experiments), i's considered to be

related to the coverage process by CuO.

* :
The pH of the supersaturated solution is about 2, as discussed in
Chapter V. ' '
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It should be n&ted'that'ﬁhe Anode-potential at’point C in Fig. 2.1,
the low-potential end of the first éeffect‘plaﬁeau,'apprdaéhes 0.56 V
when the current dehsity at the cﬁrreht plateau is extrapdlated tovzefo,
It is véry likely that réaction (N) starfs at the Eh’ éprresponding:to

point C in:Fig; 2.1.

D. Anodic”Behaviqr in thé Bést Eleétropolishing Region
The‘liferature'cdnfgins very little.information on the possible
' chemicai and electrochemical feactions-taking place in the so called
"best electropolishiﬁg region."

The onset anode pqtential of good-électfopolighing, Eép,vhasvbeen
investigated by seﬁeral authors. From Lorking's experimentai data,25 we
e timate affer cqfrection for the ohmic potential drop across.ﬁhe anéde
and a réference‘electroaeEgp to fall in:the faﬁge of 1.06 ;jl.ly V.
Similaf correction yields from Hoar and Rothwell's data (no forced
convectidn)iEgéiz.l.OY V.  Oﬁe obféiﬁstg' ='1.05 V‘ét iow current den-
sities when a'concenfrated'phosphdric acid'solution>is saturated with
copper phosphate (Dmitriev26). As discussgd in Cﬁaptér VIII, the electric

resistance of the solid film per unit area at E. = 1.0 - 1.1 V is of the

h
order of 4.5 Qcm2 when the frequency of the A. C. superimposed on thg

D. C. is in tﬁe range of 0.4 to io KHz. The ohmic poténtial drop acfosS-
the soiid film is then estimated to be of the order of T2 ﬁv,'asstming
ohm's ‘law* for the solid bﬁlk;.,With thérohmic pbtential—drop correction

the anode potential at the oxidé/supersatufated—electrplyté.interface

is found to be of the order of 0.98 to 0.99 V for the onsef potential of -

Because of no available information on the transport of charged par-

ticles through the solid, ohm's law is adopted for the order of magnitude'.
estimation, even though an exponential function is considered to be much
better than ohm's law.99 : - -
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good‘eleetrdpolishing, if the»potehtial drop at- the copper/copper oxide

interface is assumed to be negligibie.".

,Aéeiﬁ,.rest—potentiai studies can provide_iﬁportant information'”
regardingithe botential—determiﬁingdfeactions oflan"anOde at rest. In
Valeev and:PetrOV's expefiﬁents,‘the.valﬁe of fhe first break when the

circuit was broken'under:the best‘eieetropolishing conditions is ef_the
. o7 T

‘has found that there exists a rest potential
corresponding to the formation of an unidentified higher oxide of copper
in alkaline solutions. According to Ohse,-the potential difference

between the equilibrium petential.qf electrode»reaction-(N) and the rest

potential is of the order of 0.37 to 0.40 in 1'N KOH or 0.01 N KOH. The

potential difference-between'the observed petentiel for electrode reac-
tion (N), 0.58 V and the first break potential under the best electro-

polishing conditions, 0.93 - 0.97 V, is 0.35 to O.39.Y in the present

case. This eetimatedvpetential difference is in rather'good agreement

with the pdtenﬁial difference found by Ohse.’

It should be noted that the anode-potential decay curves in inter-
ruption experiments have a distinct potential arrest with a duration

of the order of lO_2 sec at Eh = 0.8 - 1.0 V;,When.the circuit is inter-

Tupted under the condition of best electrdpolishing. If fhe pH’dependence

of the equilibrium potentiai for the unidentified higher oxide formation
is the same as that of electrode reaction (§), there-exists.a strong'pos—
sibility for the occurrence of.an-unidentified”higherboxidevof copper -
2y, |
(Cuy05. 7). | | S | |
The relation between eell veltage and initial potential or the first

break petentiel shown in Fig. 7.6LLS suggests that the spreading of the
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'Flg 7.6 Open 01rcu1t potential of copper anodes after the circuit
‘ was cut off unider the conditions of good electropolishing.
Potential was measured against a caﬁomel (O 1N) reference
electrode (after Giles and Bartlett
¢i: initial potential with respect to a calomel (0.1N) ref-
erence electrode.
¢é; the first break potentlal w1th respect to a calamel (0.1N)
reference electrode.



'unidentified higher oxide proceeds gradually with the increase of anode

potential._»Complete coverage méy be achieved éf Eh = 0.93 - 0.97 V.

'"of copper is

It is reasonable to assume th&f "best electropolishing'
obtained when the anode is completely covered with the unidentified
higher oxide of copper.

~ E. . Concluding Remarks -

In the,fOrégoing'éectibn détéiléd afguments weré presentéd confirming
thaf cuprous oxide forﬁs-ﬁeaf‘the_peak potenfial. Formétibn.bf cuprgus
oxide in.concéntrétéd-phosphoric acid'sblutions probably'takes place»
through the same mechanism as invother electrolytes at higher pHv(neuﬁrél
and alkaiine solutions): | |

0= Cu0+2H +2e” (D ',

Cu -+
2 Qu H2 5

25

The explanation offered.by‘Ldrking, and Hoar and Rothwell> for

: i o
the-reddiSh'erWn film formation ;s congrﬁentlwith the present COnClﬁsibn-
Copper-ié prébébly §OVered with a nqﬁ—pofoﬁs fiim of cﬁprous 6Xidé when ’
_it ié brightened at the iowerbpbtential section‘of‘the,cﬁrrent plateéu.
Metal dissolutioﬁ may proceed by thé.trah$pbft of‘copper ions thrbﬁgh
the‘ﬁon—porous film;

When under diffusionbcontrol, thé decrease'of anode current‘density

'in:thevpéssivation prdcess @ue tb Cu2O isvsmall, The'paésiﬁétion.equations
aﬁpiiéable hére’ére prébaﬁl&'completel& differenf from..those'describing
‘the passiyation of irqn in‘aéid'média;  A hew_abproaéh fd»thé diffusion
:'éontfoiled paSSivation,hgé been prépqsed in %his_sé;tion which takes intb
voonSidefatioh the éffect éfvprbgresSive‘suffacé coveragé by ‘an inéulating

S fdidm,
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- From an'ahaljsisvof_the behavior of tﬁevCOfrosion potential as.’
related to the black film'formation and degradation, it is concluded that
the black film is probably cupric oxide resulting from the reaction:

2 .

Cu0+HO=2Cu0+2H +2¢ (N

The anodic prdcesses of copper in the best électropblishiﬁg'regiOﬁ‘
are difficﬁlt to interpret because of fhe laéklof quantitative éxpéri;
méntal data.on‘thé-behavior Qf an as yéf ﬁnidenfified higher.oxide bf-
copper;v_"Besf electropolishing” probably resuité when this unidentified
higher éxide covers the underlying'oxiae'film complétely.

.Cobpérvdissolution in the best electropolishing_region procéeds by

the trahspért of copper ions through a multi;layered oxide‘film:’CuZO

in contact with the metal, Cu0 as the middle layer, and the unidentified

-higher oxide facing thevsolution'supersaturated with copper phosphate.
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VIII. 'ELECTRIdAL PROPERTIES 'v_oF THE ANODE-SOLID FIIMS
- As diécussed in Chapter VII,\coppéf is éovered with an oxide film
ét the current platéau. The anode f;im is probably nonépb}ous'when
copper is eleétropolishea or electrobfighﬁened.

25=2T o¢ weli—électro-

Optical- and electron—microscopié observations
polishéd surfaces show mirror-like finishes and no etéhed‘pits Qn'either
mécfb; br.microscalé. This sﬁggésfs-thét—cdppér?ibn transport throﬁgh
the oxide film is neérly uniform dvei>thé entiré'anédé surface under
éodd electropolishing conditidns, except for‘nonﬁniform current distri—v
buﬁion'caused by micro—réuéhnessf Publisﬁéd work on the electric behavior
of anodig films on coppér is of avqualitative.natﬁre( Quantitative sfudies
of the‘éléétfical behavidr{of,fhe anode:oxide films in sitﬁ could prévide‘
valuablé‘information related to tﬁe transfort of charged particles through
tﬂe films;. |

| Tﬁé‘main purpose of this resegrch oﬁ anode'impedance at the current . .
plateap is to find’out what”informétion on the glectricél properties of
thé filmS-éan be obtained from meésured A. C. impedance between an anode
and a reference electrode‘during ¢lectropolishing,

A. Impedance of an Anocde Film in the
"Best Electropolishing' Region

A. C} impedance between a vertical anode and a reference electrode

33 in the frequency

during electropolishing was measured by Ohashi, ef‘al.
_ range ofthOvherfz to 10 KHz; »ForﬂconQenienCe'S'saké,'their'experimental
_'results were interpreted in terms of a resistof,:Rs, andba éapacitor, CS, .

connected in series.  The series resistance Rs“and series capacitance

CS,'derived from experimental data, Are plotted'as functions of frequency .
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lnvFlgsl 8.1 ahd:8.2. .Rédecreases sharplybwhlle C;.decreaSee_ohly
' slightly-with'increase of-freQuehoy, ;ObpiouSly;lthe eeries connection
of‘a»resistor.ahd'a capacitor;doesnft repreSeht the measured impedanee. -
properly; If this were'the'oase, Ré:ana Cévehoald'be“approximately
independent of frequency. |
| The wave length range of A C used by Ohashl, et al. (&OO Hz to

10 KHz)A1s many orders of magnltude larger than the d1mens1ons of the
~ anode SPeClmen. This allows an equivalent circuit to be represented by
linear'elements. 'We'eXClude here nohlihearity*caused by'roughness oh
.microscale;on the surface. Onelof-the equivalent circuits* to be coh—b
sidered for.non—porous films of uniformtproperties‘along-the_anode
_ surface.is, shown in Fig. 8.3.. It le aSSumed that there is no special
adsorption‘of ionshaffeCtingtthe ahooe,lﬁpedance;h The Warbarg'impedance
is probably negllglble in the high frequency range.i- |

Assumlng that either the oxide 51de or the solutlon 51de is the
controlllng factor of the over;all anode 1mpedance, one greatly 81mp11f1ed
-equlvalent c1rcu1t is the parallel connection of a re51stor and a capac—
itor w;th serles re51etors.as shown'ln Fig. 8.&; :

The‘total impedahoe acrose.poihts:A ahd R, Zar,;for the e@uivalent

circuit shown in Fig. 8.l is given by:

m:'
%
.

: - R o o w RS cC
T R e Ty

I\JN

()

X v
2 2
x x

in which w is the angular frequency.,;For_thefserieS'oonhection of a .

resistor and a capacitor, used'by Ohashi, the following relation'holds:.

See publications: 98, 99, 100, 101, ete. for general reference.
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Flg 8.1 Effect of freguency on the series resistance R_ for vertical

anodes in phosphoric acid solutions (H,PO, solfi (p=1.72)
T vol: H20V3 vol) (after Ohashi, et al.33). '
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8.3 Analog circuit representlng the electrlcal characterlstlcs of the copper/.

oxide/solution system.
series resistance of the oxide fllm

Fig.
'Z_.: Faradaic impedance on the

R
sc I
Céc: capa01tance of the oxide barrier layer - oxide side .
R. : double layer resistance - = .- -ZFQ: Faradaic 1mpedance on the

N : R solutlon side
Cw :  double layer capac1tance _ - Point A: copper
R__: resistance due to the electrolyte between Point S: oxide/solution 1nter¢ace

ar’ _
S the_anode_and reference_electrode o  Point R: reference electrode

(?

=65T-



: L e T XBL7111-7588
 Figh 8.4 Simplified snalog circuit. , 3
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Comparing Eq. (T4) with Eq. (75), we get
| o R o
By = Bgp *Ree * 2 . (76)..

1+ w2 R2'C
. Tx X

and v"
1 v Bi °
= (77)
wCs 1+ .2 R2 C2
X X
From these equations we obtain:lo2 _ . - i
o - ) , 2 |
. : Rx . | Rx_ )2 ( W Ri Cx ) . '(Rx)2 .
. _x | — . (=] o (18)
S \71 o+ w2 R2 02 2 A 14 2 R2 c2 2 o
. X X } X X : /

or
2

- \B R mRe 3 ) *\w) t\z/) (79)
‘EQﬁatibn (79) is the equation of a c1rcle which is centered at’ (R /2 O)

w1th radlus R /2, if the measured reactance, l/wC , is plotted agalnst

resistance, R - R —.R . The values of R and R have been estlmated '
, - s ar sc S ar

v

in this.research in two ways: (1) fnom'ektfapolating.the measured»llne
of RS'Vs::l/fBE to infinite freguency,.and'(g) frombthe.measured values
of the reeistance between the.anode‘and'the reference'eiecﬁrode‘whendn

tne anode diseolvee in tne active.region; |

| Flgure 8 5 shows the 1mpedance loc1 of the Cu/ox1des/soln /reference
electrode system, when the anode potentlal is. l 0V < Eh < l 3 V and the

frequency is in the range of 400 Hz_to lO.KHz. The experlmental data

points fell close to a circle of.16 Q diameter. .This suggests that the
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B Flg 8 5 Impedance loc1 of. the copper/ox1de/solutlon/reference
» J T.;: . . electrode’system (this work). N 33,”,
' : ' lOV<E:h<l3V.Da‘babyOhashl,etal ;
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analog circuit of a parallel resistor and a parallel capacitor is approx-

imately eorrect; In Figs. 8.6 and 8.7, the parallel resistance R,

o)

(Qcmg) and parallel capacitance CX o (uF/cmg) Qf_the'analog.cifcuit ?er
. . . > ) -

unit area of the epparent eurface are plotted as functions of ffequehcy.-

R, . is nearly independent of freqﬁency,'aithough'it slightly decreases

TX,0

with the increase of anode potenfial;_ Figure 8.7 showS‘that.C#’o is in
Between 5 pF/cm2 aﬁd 8 pF/cme.

B The feregeiné analysis“indieétes fhaﬁ:fﬂe impedaﬁce of the anode
Surface under electropolishing_ceﬁditione can]beISafisfacterily repre-
sented.by the parallel connection of a resieter and e‘capacifor, instead
| | 33 |

of the series combinatioh_suggested by Ohashi, et al.

B. Effect of Solution-Side Impedance

We now examine whether the impedances, RX and Cx’ are predominantly

f

determined by the solution side impedance, RW, Cﬁ and Zp,. The fact

2

that‘Rx and Cx are nearly independent of freQuengy suggests that

2 L el

under Ohashi's experimental conditions the effect of the diffusion
impedance on the over-all impedence is small.

Assuming the diffusion impedance to be_ﬁegligible, we get

101 .1 o
‘Rx R, Fp o
and
G =Cp . | (81)
The reaction resistance RT may be calcuiafed'by the‘fOllowing
relation: 103 |
_ h . _RT E , Sy
,R-T'(ai>._. “arF i - (82).
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in" which the;Tafel»relétion as given by Eg. (51) is assumed to be
applicable. If we assume that forfthe anodic transfer coefficient, aa,
rln Eq (82)_we can use the value -obtained for the.active_dissolution of

copper (u —-l.hh),'we,obtain for iy = 0.018 A/cm2 at 30°C

‘RT.: 1 Qom23 .

This leads to R_ <1 Qomg._ As shown in Fig.. 8.8, in the best’electroe'

b

polishrng region the observed Rx ; is of the:order of 4.8 —'S;Okﬂémz{

2>
R, 6'in the active dissolution of copper is probably much smaller than
x, _ Ppe

that in the besf eleotropolishing'region (Fig. 8.8).

Considering R., to be the slope of the anodic polarization curve at

T
a given current density, we can hérdly accept»the view that the observed
Rx‘o under the best electropolishing conditions represents the solution- -

H - o )
side_resistanoe.

. We now turn our'atfention to_the behavior of'capacifance;' From

Ohashl s experlmental data the parallel capac1tance, -Cx o’ in actlve
EA )

dlssolutlon of copper is of the order of 200 - 800 uF/cm . The double-
layer:Capacitance of copper-electrodes‘atl%iz 0.3V (or higher*)(according

to Bockris andeonWay,lOl and Hoey,lqh and Noguet 105

cte., is of the

: order of lOO uF/cm or hlgher | Even after the correctlon of the double—

'layer capac1tance due to surface roughness is made the double—layer | '  f‘
:capacitance is still too large compared to the values of Cx,o under best ..

electropolishing conditions.

. It.is concluded that thebparallel resiStance.and capacitancevobtained

* : . o . _ S ,
Anode potential region in which active.dissolution of copper oceurs.
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under the conditionsxof'the.best eiectropolishing don't;represent the
impedance et the copper/SOlution'inuerface.' Thds'is in agreementrwith
the resulrs obtained with respect to the electrode reactions at ‘the.
current,plateau (Chapter Vii). ”It should be mentioned that.according
to Hoeyth the effect of.tne solution—side‘impedence.on the over¥all
impedéncé.Of the“Cu/bu2Q/aqueous soiution system.may be neglected'when
| | 3

no direct current passes, and the frequency is larger than 10~ Hz.

C. Ox1de Film Propertles

We now examlne the second extreme case, in which the 1mpedance of

the oxide film is represented by parallel resistor and capac1tor'(Rx, Cx)'

The- order of magnltude of the oxide fllm thlckness 6 then, may be es-

f’
timated by v
: -1 °f
0, = o r = 8.854 x 10 h — .
r - c, : C
- . X0 : , X0

-

(83)

in whichg%‘and_f are the dielecpric constant of the oxide film and the
roughness factor of theifilm’respectiVely: .According.ﬁo Noguet, et al.,
and Heltemes,106 the dielectric consfent.of CuEO is 7.5 ; 736,_Vhile that
of Cu0 is 18 107 On the other hend, Hoe&loy has found that a film of

the multi—la&er spructure COmposed of Cueop Cuo,:and an unidentified
higher copper'oxide has-a dielectric constant of phe order of L6 - 70}
unusually high compared w1th that of pure Cu20 or CuO Asldiscussed in
Chapter VII, the solid film formed under best electropollshlng condltlons
is probably of the type considered by Hoey._,Assumlng that the possible
range of the. dlelectrlc constant of the anode solld film is 7. 5 - 70 and

that for well electropolished surfaces the roughness factor f is l 3, we

obtain from Egq. (83)

105
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_ef-z 13 - 1_2& A

If any portion of the oxide film functions as a séries'resistor, the film

thlckness should be larger than 13 - 124 A,

|
Accordlng to Ho_ar2 the fllm thlckness estlmated from 1mpedance data

is_of'the order of 6 to 60 A, Using an ellipsometric technique, Novak,

e,t‘al.3h have found recently that the film thickness is of the order of -
Lo toal20 A at a limiting current density close to that in Chashi's. \
impedanoekexperiments.. ‘. o | o

From R ,oand Cx,é estimatedvin thisbresearch5 we ean calcuiate the

loss tangent defined as

tan o = TEE;f;f—;—; o (8k4)

" The loSsvtangent is 5 at'f = 1 KHz and_O.S at £ = 10 KHz . -According to

Hcﬁey,lol‘L the loss tangent isv2.—.2.5 at £ = 1 KHz and 0.8 at £ = 10 KHz

‘respectively for a film-of_the‘multi-layer structure.

If the film thickness is really of the order of magnitudetmentioned

above, it 1s obv1ous that copper ions transfer through the solid film

under the electric field of 106 - lO V/cm. Under this hlgh fleld

6

.(lO - lO7 V/em), the current den31ty pass1ng through an anode fllm is
approxlmately glven by the follow1ng form99 108
is= A2 exp BE - . e o (85)

in which the apparent fleld strength E, is glven by E= Anf/ef, where

An, is the apparent overvoltage at the anode. The value of B may'be'

f

est&mated,fromlthe relation

‘ s 'h: e : _ ,» | .‘ -
'R = (-tll)i. = Ti—' S o (86)
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Bquetion (86) yields B = (1.5 - 14) x 10”0 cm/V for 6, =13 - 124 A and
i = 0.018 A/em®. Tt is interesting to note that the velue of B is

6.8 x 10°°

cm/V for a 60°A film, which is believed to be the probable
value of the film thickness by Novak, et al. The fact that the value of
B for a 60 A film is of fhe_éamé'qrder‘of megnitude as that for anode

oxide films formed on Ta, Al, Zr, Nb, IﬁSb, et‘c’.lo8

under a high eiectfic
field Strgngth‘giVés‘strong supﬁoff for‘thé viéwlfhat'cbppef iéns tfénéfer
thréughlthe anode film under the_high elecfrié field. :For this'reéson,

' Rx,o shau;a'pe intefbféted ag the Qﬁerfall reaétioh resistancé of thé

oxide film.

Finally, it is necessary to consider to what degree our interpretation

of impedaﬂce measuremeﬁts may.be,gffécted ﬁy noni§oth¢rmai conditions.
When iarge current densities pass throggh:thevreéistive film, the rate of..
heat generaﬁioﬁ,by the Joﬁle effegt_méy be considerable,} A téﬁperature
‘risé.df.the'filﬁ may- cause fibw'df eleétrolyté.near‘the'anqde, céuéihg

a nonjﬁniform currenﬁ—deﬁsity distributioﬁ. _Assuming.that in Ohashﬁs;
experimenfs the héat.generatedvin the sollid film was transferred to the
electrolyte ﬁrimarily by'natural convention, we can estimaﬁe the'ordér

of magnitude of the average film.temperature, Te, at steady stdate:

v o : C
0.2h 1 _ An :
- SRR 3 o~y
',Te 'isoln o hm.’ Rx,o- il" - : (87)

1

immediate contact with the anode, the limiting current density, and

in which T, i, and h_are the temperature of the electrolyte in

heat-transfer coefficient,'respectively.-:The heat-transfer coefficient

has been calculated ih this research using_a'graphical relation between

&

PLANRES
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Nu and Gr Pr for heated verticéi plates.lo9 For the thermal conductivity

and the'thermal coeffiéientrof_volumeﬁric expansion, the respective phys-

ical pfopéftieé“of waier havé'béen used. The daiculated temperature

différence, (T -7 ) is of the order of 1°C or smaller. In fact,
e soln’calc, S

heat is also lost through the back. of the anode by thermal conduction.

"The temperatﬁre difféfence, Te - T . therefére, ié'probably smaller than

_ soln
1°c.

D. Céhcluding Remarks
v; The impeQahcé of the énode surface under the best electfopdliéhing:

'conditiqns is approximately représéhfed by the parallei'conﬁeétion of a
resistor'aﬁd’é'capacitor.

The résistahcé of the paraliel:reéiétorvsfarfs to increése in fhe
v anodé—ﬁétehtial region in Whiéh fhe passi&ation of- copper by cuprous
_oxide‘takés ﬁlace. ’The.parallel resistance.is néarly constant in the
best electropolishing fotential»region; thg éOnstancy df the résistaﬁce
lasts uﬁ to the onset of the transpassive regiéﬁ.v

Thé film thickhess undérjthe best electropolishing conditions is
estimated to be 13 - 12k A, |

It is very likelj that the parallel resistance?represents the.reéctibn
- resistance of the anode fiim.; CQpper ions trénsport-through the éoiid.
\,film under é highielectfic field»éfreﬁgth, 'The generally accepted éxpo—“
nenﬁial form for ion transport ﬁnder high fiela mayvbé‘appliéabie»for

the transéort of copper ions. _ . ¢
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IX. ~ CURRENT DENSITY IN ELECTROPOLISHING'

Under favorable electropolishing conditions}*'Charge pasees throuéh
an oxide filn and a,diffusionaiayer; »The'cnrrent isn't entireiy con- P
.trolIed hy.the'solntion—side transport:cfhcnpric ions3 for in this'
potential region'the concentration ofvcopner phosphate at the oxide-
eIectronte interface doesn't reach the critical eolubility._ The current
density;_ile, at any portion at the_eIectrode surfaceddependa on howhthe
resistance of the transtort of copper ions acroSS:the:anode £ilm affects
the overeall transport resistance. The tranéport resistance-acrose the
anode fllm is a functlon of the compos1tlons, thlckness, transport prop—
erties and por051ty of the fllm as well as of the electric fleld strength
across it. As dlscussed in Chapters VII and VIII the 1mportant opera-
tlonal varlables determlnlng the film propertles are anode potentlal and
hydrodynamic condltlons near‘the anode surface.

In Chapter Iv 1t is demonstrated that us1ng the crltlcal solublllty
and dlffu51v1ty of copper phosphate the peak current density, ipk’ can
kbe predlcted by Jud1c1ons aplecatlon of ordlnary mass-transfer.relatione.
Under given hydrodynamic conditione the ratio ofvthe_peak.current density
to that needed for electropolishing is, then, considered‘to be a measure
of the degree of the paesivationbof the anode surface’hy conper oxides.
In practlce 'when the electrode conflguratlon 1s glven (horlzontal frb St
vertlcal, ete. ) the passivatlon behavior under d1ffus1on control may be |

1nvest1gated in terms of the ratlo 1 /1 - and i e
1€ 1< .

% — - :
Current density at section E F in Fig. 2.1.
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"A. Relation Between i ./i and i
: : pk 1e 1e

' Figpr§'9.l shows.the‘relation Eetwegn the ratio‘ipk/ilé gnd the gur_
rent denéity'under BEC,* ile’ fbf horizontal anodes of polycrystalline. copper
fa01ng upward in 5.3 - 10.7 M/1 H POh solutions at 18°(C. #* Experimental
ipk and 1le.values were taken from Hoar and Rothwell's,3 g@d Honeycombe
and Hughan's®” work. The value of ipk/iIe is about 1.37 atviie = 0.01 -
0.025'A/cm2vand gpproaches unity és ii;vincreaées. In practicé; copper
specimenébafe difficult to electrbpolish when ile/ié of- the ofder of
0.1 A/qm2 or larger,/i;e. when ipk/ile'is clqse tbvunity.

vThefcurrent density undér BEC can be estimated byvconsidering the .
decre;ée Of.l /1 }le iﬁ;reases; We wil; consider.réﬁgting hori-
‘zontal dlSk anodes énd veftlcal anodeé in natural convéctioﬁ. |

~B. Rotating Disk Anodes .

Limifing currept densities passing.through fotating disk anodes have
Vbeen measured by Zémbura;lg AlthOughvhe hés made“ﬁo‘detailéd.énaiysié.
of ile,‘Zémbura has'found alproportipnélity befwéen.ile and thelsquaré
root of‘the rotational speed of-the_disk anode;.N

/2 R
1e é (W) S - (5) .

The peék current\densities in the case of. rqtafing'diskfanodes have-

been'calcplated inathis"reéearch by the modifiedeeVich equatibh:llo
: ; T

¢ _ B

pk _ 2/3 1/2 —l/6 A

2F + 553 Ppm _ “n Cps e (89)

in”whichbvm and N dr? the mean kinematic viscosity of phosphoric acid.

Best electropollsh;ng conditions,
*%
- Honeycombe and Hughan's-da’_cag5 was obtalned at 25°C
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qu’f'(3)
O 6M/f H,PO,
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Data from:
Honeycombe (95)
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Flg 9.1 - Effect of current density, i.., under the condltlons of electropollshlng

on the ratlo 1 /1 e

for horlzontal ‘anodes facing upward
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solutions near the anode and the rotétional spéedg'respectivelya Com-

bininé‘ipk ;alcﬁlatedvby Eq; (85) withithevrélatién betwéen ipk/ile and
iié; wevgetvthe minimum:possiﬁlé limit of-the célculated.limiting'cu;regt.
densities ﬁecessary for BEC. Thé maximum possible liﬁit was obtaiﬁed.by
assﬁmipg'ipki= ile. Thé’c;lculated;limiting ¢ﬁrrent depsities are com~

péred with the obsefved-onés in 6 - 12 M/1 phosphpricvacid solutions inn
Fig. 9.é; The miﬁimum valués'of calcuiated currenf deﬁsities are in
good agreement ﬁith.expefimeﬁtal values.obtained by'Zémﬁura; The slope
of the o#served ilé'vs._calculatedvile is in thé r&ngé of 0.86 - 1.03%

C. Vertical Anddes "

The verfical anode cqnfigﬁration in freevcbﬁveéfioﬁ has often Beén_
chosen for electropolishing experiments.. For example, Krichmafsand his
co—worke£52h used this configuration for their investigations Qﬁ the
mechanism éf electropolishing on.fhé'ﬁacrosééle.(i;é;; the chahgé of.peak.
height of-sihﬁsoidalvwavy surfaces With'tiﬁe). :Except for alﬁeryvrecéntly
119 empirical éorfelation, thére has beén no theqreticéi'erk-

concerning the prediction of i e-for vertical copper anodes in concen-

trated phosphoric acid solutions with natural-éonvection.'
The method for the evaluation of limiting current densities at .
electrodes in natural convection:is very well establis’hed.:l'll'_ll5

This suggests that current densities necessary for eiectropoliéhingvcan'

- be predicted by using available mass-transfer correlations. Limitingv

current densities at verticaI"electrodes in laminar free convection can

be successfully evaluated by using the dimensionless Cereltionélll—ll5 :

1/

"Nu = 6.66 (Gr Sc) for Sc Gr = th - 1012 (89)

in which Nu, Gr, and Sc are Nusselt number, Grashof number, and Schmidt
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e THREER
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"Line 2: max1mum llmlt of the calculated i (i. =1 )
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number,vrespéCtiveiy.' In our case‘theée,dimensionlessvgrodps have the
following form:
. - Li

— = _ Tpk
Nu’calc 2FD (C ~=C_) . »
. . C "pm. ps pb’.
mhlkﬂc;z-mu%am.)xi g
o
NG = 1e,0bs
2 - ’
1?obs ‘ 2-Evam(cps o pb)
gl - pb)L3 _
.vGr\= — 5 2 T,
Po’m
and
vm
Sec = D
M

in which L: electrode héight,,g; gravitational.acceleration,-psz_density

of the électrolyté at_the anodé surface, pb: density of the bulk eléc—
trolyte. Figure 9.3 shows the relation between Nu and (Gr-Sc) /h for

polycryétalline coppér aﬁodes in 5 —>lO M/1 HéPOh solutions éﬁ 2000{.
E*periﬁental data were tékén from Krichmér and his cc)--wofkers,214 and
Shibazaki and Shimojyo's56_work‘6n electropbiishing;_ it is shown»in._
Fig. 9.3 fhaf the maximum values of{the_calculéféd Nusselt numbers at.
given GreSc are in'agreément with fﬁé éﬁser#ed'Nu. fSurface ?nghnéésl

(8 = k.5 - 35 u,a = 50 - 700 u) might increase the observed i by

10 - 15%.
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D.. Cdncludihg Remgrks ‘

The effect of the resisténce of:ébpber transéort‘acfoss the oiide
film on the 6ver—ail transport'resistance isvsméll. For rotating disk
anodes, vertié;l anodes ininatﬁrél conﬁectién, aﬁd horigzontal anddes
inkfprced laminar flow, curréht'denéities for electropolishing can be
estimatéd_With an error of #20%. ' In these.caiéﬁiatidns we’considér
copper phosphétgvto be the.méséftransferbdétermining spécies and assume_
thatvtﬁévpdnéentrafidn of copper phosphate at the anode surface is close
tolits?éritical soluﬁility;' Avmore precisé predi&tion of the current
_densiﬁy_suitable for electropolishiné is, deevér, problematic for ﬁhe‘
fbllowing reasons: | |

i) A well defiﬁed and reproducible surfaée state of anodes is -

difficult to obtain, since anode pofential, ah‘imporfanf opéré

ational variable, is difficult to maintain at a desired wvalue

dUring the initial étage'of copper dissolution.

“

"ii). The effect of roﬁghness on the micfoscopic scale on iie is ‘not
~ .well known. »
iii) Even a small nuﬁber.df étch pité én»the anodé surface can- cause
the current ’density at the plateaﬁ to approa_ch the pesak curreﬁt _ " '

_density.
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X, CONCLUSIONS

In the course of thls-research, earlier experlmental work and .
theoretlcal 1nterpretatlon relevant to the elucidation of the mechanlsm
'of electropollshlng of copper in phosphorlc acid has been subJected to
deta;led scrutlny. In.addltlon, optlcal microscopic observatlons were
made of the surfacelerents daring,electropolishing, and the current;.
potential—time‘relationships wereiexamined under galVanostatic and?
potentiostatic'conditions.‘ The following‘conclusionslare drawnr"
1. The overpotential associated with the:active dissolution of copper
isﬁwell represented hy the Tafel equation The slope of the Tafel llne
is qulte 51mllar to that reported for dlssolutlon of copper in ac1d1f1ed
copper sulfate solutlons The apparent valence of dissolution of copper
Iis two; 7Under given hydrodynamic conditions, when‘constantipotential
orvconstant current is applied across'the cellrthe concentration ofi
copper phosphate'at‘the interface increases‘with increasing anode

potential and«eventnally reaches a'critical'solubility,

2. After the critical solubility is reached a resistive film is formed,

which causes an abrupt rise of the cell voltage in galvanostatic experi-
ments or alternately, a decrease of'current_under;potentiostatic'condi—

tions. Under various hydrodynamlc condltlons the evaluatlon of the

rate of transport of copper phosphate from the anode to the bulk electro—

lyte allows.the predlctlon of the onset of the voltage Jump or’of the
current decrease. | | | | ;

‘ 3. ¢+ The strongly buffered viscousflayer formed at'the current plateau
is a solution of H POh and Cu(H POh)2'in water.._The pH of the layer
saturated with Cu(H Poh)g is estlmated to be close to 2. The concentraf

tion of H3POh in the saturated solution increases with_the increase of

2
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HéPOﬁ in thebbulk electrolyte.
4.  Cuprous oxide is much more stable in the HSPOM solutions saturated
‘with Cu(‘HQPOh)2 than cupric oxide.
5. ._Cﬁproﬁs oxide forms near the peak potéhtiql (region B C in Fié. 2.1)

by‘the'reaction:' T

2 Cu+ HO=CuO+2H +2¢. .
2 2 J

6. . Cupric oxide forms in the first perfect current plateau region -
} . g .

(region C:C' in Fig.'2{l), most probably by the reaction:

0+ H

: o o+ -
Cu, Q0 =200 +2H +2e.

7. An_uﬁidentified highér_qxide'of cdpper probably‘forms in the

so-called "best electrobolishing" region (region E F in Fig. 2.1).

8. The océurréﬁce of the current platéau is caused by“the formation
of Cugoé Cu0, and probably some higher oxide of copper.
9. The impedance of the anode surface in the best electropolishing.

region can be simﬁlated bj the pérallél conneétidn of a resigtor and a
cépacitdr.x The_resistance‘of.thé parallei éesiétor‘starts,to'increaée
'in the anode:potential régioﬁ in which the pésSivation of the_anode 5y.
cuprous oxide takes place. Thelﬁarailel resistancé.isvﬁearly indepéﬁdent
of anédé éotentiai in fﬁegbeSt,eléCtropolishiﬁg.regionw‘
lO.‘ Tﬁe Qrder,of the.thickness of the multila&efgd_oxide:film.ié
l3-e 124 A, - Copper iOﬁs transferithrough'thé éxide film under a very

. ¢

high electric field strength [10° - 107 V/em].
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11. .Electropoliéhihg of copﬁér on a“midroscopicvscale is greatly
Vaffected by thé tfansport prppertieé of the oxide fiim. Anode SpéCi;
mens are deeply etched if thé oxide‘film has ‘active Sites, Such as
portions uncovered with the unideﬁtified highér oxide of Eopper.

12. ‘At the iow—ﬁotential end. of the curreni-plateau, ﬁrightening of
coppef ?ékés piaée, 5The“passivation of the apode by cuprous oxide
plays an important role in this process.

13. Thé peak current densitiesri can be calculated by ordinary

Pk
massftfansfer cdrrelgtions by»assuming that copper phosphate is thé
diffﬁsion—rate—detérmining épecies and that it has a critical solubility
at the peak potential. Precise calculation of current densities to be
applied in eleétropolishing, ile,'would-require quantitative knowledge

of ionic transport of copper thrpugh the oxide film. .From an enginéering
point d} viéw, however, the current densities are estimated with
satisféctory éccuraéy if the ratio iék/ile is bbtained for a.given
electrode configuration. |

lh. Elegtropolishing of éopper on a macroscopic scale caﬁ be well
interpreﬁed bylﬁhé Wagner eqﬁation (Eq." 7) derived from the soiutidn

of the Laplacé equation. It is to be noted, howéver, that instead of
aséuming zZero conceﬁtfation bf th;vlimiting spécies at thg surfaée;

the apﬁropriate boundarj'cénditiohs for fhe solution of the Lgplacé

equation

are
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c. =C ’aﬁ the anode surface

S P
constant concentration gradient at a point far
_ from the anode surface.

these boundary conditions leads to an équation identical
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~ APPENDIX I. PHYSICO-CHEMICAL PROPERTIES OF
' COPPER PHOSPHATE SOLUTIONS

Table A-1. Diffusion coefficient ofvcoppérvphosphate formed
at the anode (20°C) measured by Krichmar, et al.2l

.'vH3?Oh' vvCquoné,:_- Yiscpsity - Dp,o ' ,. 2

- M/1 ‘M/1 - centi-poise: gmz/sgc‘ . liter/mole
12.3 | 0.08k -~ 21.6 et ><-_J_Lo’7 ., 0.563
9.8 ook 118 9.3 x 107 0.630
7.5 0.020 70 13x10°  ouse0
5.0 0.023 3.6 2.5 x107° e
2.5 0.020 . 2 hkx1078 R— |
0.4 0.01% | 120 7.2 % 1076 R

D =D exp (-z C )
b vP\so, P ( P)'

CP; concentration of copper (M/1) :
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Data

v chklmg and Huggms (I2)
O Krichmar (7)
[ ] Edwards (i0) '/',_..\

T R R T R I R R |

“Concentration of Copper in the Supersaturated Solu.tio_n'_'(M/l)

_ Fig. A-1

20 40 60 80 100 120
H PO, (M/£) N
XBL 7111-7596

Effect of the concentration of phosphoric acid on the .
analytical concentration of copper 1n the supersaturated
solutions formed at the anode.
Curve 1: concentration obtalned under agitation of anolytes
.. at 20°cl2 :
Curve 2: concentration obtained at the current plateau at
'18-22°¢T S
" Curve 3: concentration obtained after the supersaturated
solutions had stood at 25°C for some monthslO
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(after Krlchmar7)

Varlatlon of the viscosity and density of
phosphorlc acid solutions with copper contant

w:t:_
o
o

=

S
~
[

T S
Cu

M/1

Dénéity
g/cm3

~ Viscosity (20.0°)
Centi-Poise

R R L R P [ RV SIEC IRV IV G RV R CURY ORI O VRN

ON OV O OV ON VU W1 W W V1 UV U U T o 00 0 0.0 0.0 000

S T e e T L I
MO D NN O 0O O O OO

Lo
.97

100
Lo
.80

.60
.93
.00
4o
.79
.14
.56
.99
.00
.30
.59
.99

.87
.00

© O KH K O O O O K FHPF O O O FH K H OO O MO O 0 O

0.70
0.92"

.00
Th

.300

Ak

.50 .

.30

S I B O T T I I Tl T = R ST S S I R S R I N

.105
14T
.179
203
.237
.265
.309
.353
.390.
Lhul
481
395
436
476
.512
552
.599
.531
.561
590
.630 j‘.
683
JT1T.
.673
.T01
19 -
739
.T60

=
O, N &= =

12

21

32,

15

17.

21,

28,

13,

. 55

31,

38.

.60

.20
.50

50
63

OV U E W W W N

.32
.58
.02
.38
.76
.35
.0b
.35
.25
.21
.64
.93
.88
.38
15.
92
63
.08
1
6T

99

6L
T
51
20
Lo
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APPENDIX 1L, CALCULATIONS OF SOLUTION SIDE TRANSPORT

A. Calculatlons of Solutlon Slde Transport Under
: : Galvanostatlc Conditions

1. Derivation of Eq. (10)

The diffusion equation in one dimension is

9C _ 3¢ : o -
) 3T D 5 | o (II—l)‘

ox
‘Initial and boundary conditions:

N
I.C.: C

c(0) at t = 0

S 1=-EZR(EE) ax=o
. x=0

B.C.2.: C=C(0) at x = =

The solution to.Eg.: (II-1) with these initial and boundary conditions

6l

is:
i/2 2

) S —x )

c(t) - c(0) = 2x F_(Dw) exp (th
Sk X oppe (——4£—-——>1 o (1T-2)

F:D 2(Dt)l/2 S = N
" At the anode surface we have
fe(s) - c(0)], o = 2 k (%) )

O
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2. Derivation of Egs. (12), (13), (1k4), and (lé)e

_ CaSe (1)

3 2

ol

Cu + H.PO, + H,0 ='ICuOHJ+IHéP0nJ— + 2H' + 267 (over-all):

R | +
Cu+ HOH = CuOH + H + 2e-
- L =1 (e
(b#) + (ty po=) + (bpyopt) =2 |
b om L
in vhich t =, t, =, tCu++ ‘and t, - are neglected. The increase® of

HPO)4 PO

=

o+
[Cu0H] [H POh] and decrease of H Poh per unit time ‘at the anode surface

nay be calculated as follows

. cuok” or (1 tCuQH+)
| .HEPOZL % }tHgPOh
; tH poh ' %_I; (1 - tCuOH+)‘ _1%‘- th+» + %—F-(l.. tCuOH+) - (Ii_s)
’ﬁ+' ._'(i b+ - 101 - tCu0H+))
_ S\FW T T

The first term on the rlght hand side of Eq. (II 5 expresses the increase

o of [Cu0H] {HgPOh]- and the second and third terms express the decrease
;- v Phinnal o 8
of [HP0,]. From this the net increase of [CuH] [H,P0)]” is
. ‘ F
i

s Ly
oF (1 - toyor*)

* , , B _ .
Increase is shown by positive sign.



and the decrease of'HBPOH

i -
F 'H 2F - CuOH
,Assumlng that the increase in [CuOH] [H Poh] and:the decrease in

[H Poh] is a result of dlffu51on away from the anode surface or to it

is

.
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+ -

+y .

from the bulk of the electrolyte ‘we obtain the relatlons

—— - + = e
oF (1 tCuQH ) = 'DPVgp
or ‘
2F
i= , - D ’VC l
1 - +
1 tCuOH/ P p
and
i i _
P bt T aF T touor® +) "DV C,
i R DerCrl.
. CuQH.
t, + - ——
H 2.
Case (II)

. ) + -
+ s p - 4
Cu QH POh Cu(H2 Oh)2 | 2H_.+ 2e

3
H3PO

(t*) %’<t

+ -
e o + : .
y=—— i+ 50,

H POu

Cu ='Cu+

+ 2e .

- +'<t¢u++> =1

" for H.PO
| TOF BgE

. (over-all)

b

for [CuOH]+[H2POh]->.

(II-6)

(1I-7)

(11-8)°

The increase of [Cu(H POh)QJ and decrease of [H POhJ per un1t time at

the anode surface may be calculated in the same way as those in Case (I):

m'
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Cﬁ++r %ﬁ (1 - tC ++)
H PO Ly - %— (1 -t ++)_ _%tH,L {
ST _
ek e

The first term on the right hand side of Eq. (II-9) describes the increase
of [Cu(HQPOh)ZJ and the second term the decrease of [HBPOh]' The net

increase of [Cu(H PO, )] is:
L’2

1 . .
F j(.l -t ++)_

Cu

and the decrease of H Poh is:

ST
tr

In the same manner, we obtain the relations‘

___2F AP | ~
f 1‘:‘;;;;1"DP1VCP| for Cg(HQPOh)2 ‘ (II 10)

and
i =2 D |Ve for H_PO a (11-11)
?tH+ r| r T3k _
3. Effectlve D1ffus1v1§y in Galvanostatlc Experlments

Accordlng to Krlqhmar, et al.2l the dlffu51v1ty of anodlcally formed

copper phosphaﬁe'Can.be represented by:v

.Dp'=.Dpo ?¥p (’ACP).} ' o B

It is difficult to obtain an” analytical solution of Eq. (II—l),becauSe
of this nonlinear represéntaiion'of the diffﬁsivity. To avoid this

difficulty the following approximation is proposed: TUnder the
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galvanostatic conditions

D =D at £t =0
P PO -
. D +1D o
pm 2 _ s
~ (1/4& = + =
Do (1/2)(Dp(t 0) me(t t.))

.;:(1/h)(3Dpo + Dps)

in whlch me; Dpo’ and Dps are the average dlffuslty of copper phosphaﬁe
in the diffusion layer, diffusivity of copper phosphate at t = 0, and

that in thé solutioﬁ-at the anode surface at t =.ts. Then we have

Cp 172 o, N2
of “pm ) ~ [ B Ps '
po / .. po

Iﬁ-solutions of concentrated phoSphoric‘acid, the ratio of D s to D is

. : po
of the order -of 0.2 to 0.3. Thus we obtain: : h

)

If Déo_is used in the diffusion calculations and assumed to be constant,

1/2

'a

0.9

the possible error in the calculation o:f‘Ai(t‘S)l/'2 mey be of the order
of 10%. A 10% error will not cause a serious pfoblem in the diffuéionh 

kinetic study.

LIS
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APPENDIX III. ESTIMATION OF THE CQMPOSITION AND- PROPERTIES
OF PHOSPHORIC ACID SOLUTIONS SATURATED WITH COPPER PHOSPHATE

1. Equlllbrlum Relatlons
Because of fairly strong gcidity'of'the electrolyte superéaturated

with copper phosphate, we need to consider bnly the following equilibria:

H3P0h<--.H + H Poh R -
: . for phosphoric acid
v . - v
——
HPO,S==H +HPO, . K,
and ‘
— - '
Cu(H, PO, ) ==Cu' ' + 2H,PO. K for copper
2" L2 - 2 7L m. ) -
‘ - : phosphate
The equilibrium constants K., K,, and K are
(E") (H,P0} )
K. = ‘“7“"“;" . - (ITI-1)
;_ H3P0h . |
+ =
() (po})
K, = — ~ (I11-2)
, (Cu ") (H Poh) S
K ~ (I11-3)

mo (Ca(H,P0,),)

in which (1), (H,_PO; ), (8 Poh), (#p0}), (Cu **), and (Cu(HePOh) ) denote

the activities of H , H POh, H POh, HPOh,_Cu », and Cu(H Poh)2 respectlvely

"From the condltlons of electrlc neutrallty, we obtaln
++ 2@, +=pm o - = I TTT-
mpt ¥ 2 Mgy mHQPoh_*,g "HpO, (TT1-4)

in which m is molality.
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If m; and m,. are the initial molalities of phosphoric acid and copper
phosphate before dissociation, we may have the relation:

,mH3POh - mo(l- - OLl):

mH POy = mo“l rameys 9 ) - 8)

+ é '
oy % * B(mpal t2 mcan)'

! S | mHPo' = Blmay +2m a)

Cu(H Poh)2

co(; - a2)
m,++ =m_ - 0

Cu co 2

Assuming B to be much smaller than unity, the following relations apply:

K = TTa (e *2m %) Yy pom Yy - (TI=5)
1 . -5 27 -
and |
' o, ) 5 _ _
Km,; i“:—a-v(moal *2 mdbaZ) YHQPOE . YCu++ o (III—6)

‘in which'al, Oy B, and Y are the degree of dissociation of H3POL and

Cu(H h)2’ that of H2P0;j and activity coefficient respectively.

It is assumed here that'the aétivity coefficients of copper phosphate '

can be estimated by the Debye-Hiickel relation:

k >1/2

- =log'y; = 172 , ‘f 1 (III-7)

1 +.Bl a (1)
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o o
o , A1JZ+Z_](“)1/2v
log ¥, = 7 172

- + .
1+ B a(n) . | )

(111-8)
in which z, N,* and a are valence,jionic strength and mean ionic diameter
reépectively., There are tﬁo'cohstants** Al and Blbin the above equations.

v _ » v ‘ _ ‘ +r
The mean activity coefficient Y, and the activity coefficients of Cu

gnd HQ?Oh afé gelated #ovtheir mdiéi ionic activity coefficients byii
YC&** = Yi
and E
* : YE_Po; -v? L

4

2. Calgulatiops of a,;(Cu++), and pH

The degrees of diésociation ofvcopper"phOSPEate and phoSbhorig acid
in solutions sﬁpersaturated‘wifh éoﬁpef phosphate havelbeen calculatéd |
by solviﬁg.Eqs.'(fiI—S) and (III—6)’simultaneousi& for lovahosphoricf

!

acid concentrations. ' The following data (for 25°C) were used:

1 Kl = T.52 8.10_3 ‘(Rgf. 73)
and | |
*Kﬁ 4'3.2h xio_'.2  (Ref. T1)
S Ti .

Following:the suggestion of Mercadie, a =.8.5 A is assumed (see Eq.'39).

L

F ~

2
w=0/2)3 Zimy
*% B

= 0.509
Bl = 0.329
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- APPENDIX IV. CALCULATIONS OF RESISTANCE BETWEEN .TWO IR
' PARALLEL ELECTBODES IN A RECTANGULAR CELL S |

consideration. The shorter electrode, 0y a;; is ‘located along the x axis !
"and the wider electrode, ey dl’ is at a distance g from the x axis. : _ Z!

Width of the electrode, o) &y, is T and.that of the other electrode,

¢, dl’ h,-'Depth of the two electrodes is assumed to be uﬁity. . -_’

The'Schwarz—Christoffel transférmation can chnect the regl axis
'in the t-plane with the boundary of a réctangle’in-the z-plane in such
a way thatvthé upper half of the first plane transforms into the interior
of the rectangle.' In the z-~ and t—planés correspohdihg points are
'similarly lettered. Thértrénsformation.frqm fheffeal axis of the t-plane  :'V_w

‘to the rectangular boundar& in the z-plane is L ' v

PP 7 - .1/2 |
dz _ \-1/2 1 1 |
Y . X N
. . \
which following integration yields . - | . N L -
+ | ‘v |
z =Ly _ dt¢ . - + const.  (IV-2) -
: 2 /2 1/2 o ‘ : .
o i/2 1 - 1 .
o M2 (v -1 -y
2 2 | o
u A S
The point o, 'in the z-plane and t = O have been made to .correspond, 50 o wé

1

¢

const. =0

Let

s
(M)

=
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0, q, | b,
f (f +jo)
z - plane_:k
Z=x+]y
1 1 o
“© 0 1 p \2 +®
d 0. - a b c . d
 t - plane
ber+is

XBL 7112-2289

Eﬁg. A-2 Transformation from the real axis of the t-plane to the
: ' rectangular boundary in ‘the z-plane, which corresponds-
~to the model for the anode pertially covered with cuprous -

oxide. ' : ' : a

4
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Fig.,A—3
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Transformatlon from the real ax1s of the t—plane to the . 3 . ;i»
'rectangular boundary in the W—plane (complex potentlal o

‘plane).
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Then, we get
r ) : o
e . g o |
zE2h A_[ o122 o2 (1v-3)
o . (1 )7 (a1 =T ) S
. . _
At point gl,for one end of_the_electrode'ol ai, Eq. (IV-3) gives

2 AT [ 2.1/2 e (1v-4)
. 5 (1 ~r°) (1 - r) 3
. 2
. at
For the region 1 < t < 253 the transformation equation is
u ) .
. - M- . ar - . r S dr .
Z, A . 2 1/2 1/0
R B R e T T R L R S
' ' a'. : U
(1Iv-5)
Let kK = A/u. At pointti, one corner of the rectangular cell, Eq. (IV-5)-
giveé .
—B k) - (1v-6)
2 Cl.l ' ' ) L . e

in which K(k) is the complete elliptic integral of .the first kind. For

the‘region *%-< t < —;-,.the fransfqrmation equation is
M A
R Cer - R S
_Z o dr L -
RN K (k) *[ - : /2 __<~I_V 7

_ ,-_re)l/e (1 _VK.2r24)
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Let

At poiht c, ve have

e
' A
and _
=+ B
r t X
At point e Eq. (IV-T7) gives
2, = - : D v
_——_—2C1}‘ K(K)""J[ _ . —
. S o .
o V- - e
= K(x) + JK(x') o (1v-8)
Considering z = h + j g at point cyy we ge’_f
_E - K(Kl) ’ . (IV—9)
2.7, A : . .
1 .
The transformation from the réal» axis of the t—pia.ne to the rec- _
tangular boundary in the w_—plané '(unif'orm electrostatic field) is
X o - A _ '—l‘/2 o |
W= M2 o) (1v-10)
at "2 ’. 32 .
Integrating .
" K _at S
w = Eg f — + const. (Tv-11)
: o \/t (t = 1)(t - 2L '
| : A2’

s




L)

Let:w =u + j v, then we get at point o

. -201-

The _pointvo2 in the w~-plane and t = 0 have been made to correspond, so
‘ conts. = 0

Let

Then, we get

‘ / . a — - : - (Iv-12)
2 v . )
o ‘[}l - r2) 2) C |

(QESY— r7)
A
2

w=0and v=0

" At point 8,5 the other end of the electrode 0y 85, Eq. (IV-12) gives
W= 20, A K(A) (Iv-13)
Considering w = u + j v, we get at pbint a,

u = »2(:2 AK()\)

~and

v=20

Obviously, v reprééents potential and u_electric'flux.' For the region-

1<t < 253 the transformation equation is ‘

Voo k() +f 4 (Iy-1b)
2T A . —r — 4 Ak
2 1 NatAa i -
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Let
) }\' = 1 - ))2'
- and :
: ’ o, =1/2
r= (1227
Eq. (iV—lh), then, gives at‘point‘cg_
W -, | o _ .
E K(2) +J K(A") , (Iv-15)
or ’
U-O o V‘o ' : R
2C2 X = KO\) ~and 52—2—3\_ = K(A') 3 v(I‘V->16)

From Eq. (IV-13) or Eq. (IV-16), in the steady state the total current,

Q, to the electrode o s: Q ='2C2_k K(A). The potential difference

2 %ot
between the two electrodes is-vo, and is given by v, = 2;2 AK(AY). @

and R are given as follows:

Q=¢C v,

. and

__E_. ._l_
R =% . C
e

in which C,-€, and Ke are capacitance, dielectric constant, and electric

conductivity respectively. Finally, we get

o}

':Ul’;U

in which R is the resistance between two parallel electrodes of equal

width in the uniform electrostatic field:

L Ve
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APPENDIX V. - STABILITY OF .CUPROUS OXIDE IN SATURATED SOLUTIONS

1. Derivation of Eq. (57)

The over-all reaction representing the stability of Cu2

0 in acid

+ ++ . ,
Cu20 +2H =Cu .+ Cu+ H20 v (K)

can be assumed to be the sum of an oxidation and a reduction reaction:

oxidation reaction Cu20 + 2 H+ = 2 Cu++ + H20 +2e - (L)

reduction reaction .  Cu2O + 2 H+ +2e =2 Cu+ HQQ (M)

The Gibbs free energy change AG, for the over-all reaction(K) is

k
related to those of reactions L, (AGI), and M, (AG_), by

’

(AG + AG ) : (v-1)
1 m

SR ioy

At equilibrium, AG, = 0, and AG1 +AG = 0.
The free energy changes are related to the activities of relevant
species by:

AGI =-2F E1 =- 2F (0.203 + 0.0591 pH + 0.0SQl_log_(Cu++)) (v-2)

. and

A

AG =+ 2F E =2F (0.470 - 0.0591 pH) = (V-3)

Combination of Egs. (V=1), (V-2), and (V-3) gives

. 0.268

v — | o : .
log‘(Cu, ),f 0:0591 -~ 2pH _ N (th)
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NOMENCLATURE

’.' ' Definition

English letters
Mean ionic diameter (&) : ‘ IR .

Wave length (cm)

Disiance between an énodé apd the tip of é
dapillary (cm). |

Equivalent,auct.diameter (cm)‘

One half of the width of an anode or one half
.of the width of the uncovered portidn of
anode (cm) -

Distance betwéen tﬁo parallél electrodes in

Fig. 6.1 (cm) - S

"Width_of a counter electrode in Fig. 6.1 (cm)

Width of a unit compartment in Fig. 7.3 (cm)'

ﬁeatétransfer coefficient (cal/cme.sec°K)

Apparent current density (A/ém2 or mA/cmz)

Average:limiting‘current density~(A/cm2)

Limiting current deﬁsity (A/cme)

Local current density at x = x (A/cmg)

Applied cufrent density’(A/cmz) ‘ S .

Diffusion current density‘(A/cmz)
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k
e

m,
1

m ,
CP(HePOh>2

n

nl
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Current density for the formétion of a copper
oxide (A/émg) : -
Current density for thevformation dflsolid

copper phosphate (A/cmg)

Peak currént density (A/cmz)

Rate of degradation of a péssive £ilm (A/cm®)

Exchanée:éurreht dénsity for the formation of
cuprous oxide (l/cm?)

Current dénsiﬁy in the good electropolishingv

~ region (A/cm?)

Avérage cﬁrreht density'(A/cm2)v

Exchange current density for the active

dissolution of copper (A/cme)

Rate of active dissolution of copper'(A/cm?)'

Rate of formation of cuprous oxide (A/cmz)

'Parametér'in Eg. 10.

Mass transfer coefficient (cm/sec) -

Electric conductivity of a‘solution (1/9 cm)

' + ++ - =
Teo? Mo» MH'> Mew ™ My po) - "HPO, ©

Molality (mol/1000. g H,0)

2

‘Valence of a.dissolved anode -
vAppérentv?alence of é dissolved aﬁdde

. Pérémetéf‘iniEé..h3 N |
;DiStahée.bétwéén‘thelcénter of an anode and.

an equipotential surface at x=0 (Fig.”6.l)'(Cm)"

" Time (sec) o



t

u

H+’ Sour+> Fouon+
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Time required for the Qnéet of an anode poten-
tial jump (sec)

Time réquired fbr the_qnset of thé drop of
curr;ﬁt.(sec) | |

Transference number

‘Line of électric'force

Potential

Complex potential
Recténgulér coordinate

Valence

oz =X+ Jy

Ares of .an anode (cm2) 

ConStant in DebyeQHﬁckei équation,vK. 39

" Parameter in high electric field transport

equafioﬁ; Eé. 82’(A/cm2)
Pargmétef in Eq. 82 (cm/V)
Coﬁstant in Eq, 39 o
Capaciténce (F)
Concentration of a diéSolved metal in ¢§uiValents
Concehtfétion of phésphoric acid (molarity in

Eq. 43)

Concentration of a diffusing speciesvét the‘_

anode surface
Concentrat;onvof a diffusing species at a
point far from the anode surface

Conéentration at t = ¢

s

\

ot Y
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C(O’ . : Céncentration af ﬁ =0
Cp  _'._ , ) Cohcentratioﬁ ofbcopperjﬁhosphate (mol/cm3)
Cps ' CritiCai'soiubiiiﬁy of éoppér phosphate (mol/cm3)'
Cpbv ..- N Coﬁcenﬁrétion of‘coppervphosphéte in fhe:bulk.
of & soiution (mol/cm3)
c, S - Concentraﬁion4of phosphbric acid (mol/cm3)
C?(Q) i ' o ancéntrafion‘of phosphoric acid at t = 0
(mol/Cm3) |
Cr(ts) o Cbncentration bf phdsphoric‘acid‘at t = té
(mol/cm3) |
Crb ) o Concenﬁration of phosphoric acid in the Bulk
. of.a'éolutiOn (mol/CmB)v
Crs o | Cdncentration of phdsﬁhoric acid»at the anode
" surface (mol/ém3)’
c " ) | . Solubility limit in Eq. 3
c, ' , ) Series capacitance per unitvarea (uF/cﬁ2),;
}cw _ - '_' i " Double layer.capacitancé (uF)
Cx | ' Parallel capaéitancé.(uF)
Cx,o .. Parallel capacitancé per ﬁnit ares (uF/cmz)
D ' — Diffusion coeffigienf (émz/sec)'
Dp ER ': .. o  ‘, Diffuéionicoefficien; of coppef phosphate '
(cm?/éec)’
Dpo o o ;, Diffusion céefficienﬁhbf COppgr phosphate at
,me.“ L ' B .VMéan_diffusion'coefficient.qfv§0pper phosphate

(cme/sec)‘
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Diffusion coefflclent of copper phosphate at
the anode surface (cm /sec)
Diffusion coefficient of copper phosphate in
the bulk of a solution>(cm2/sec) |
Diffueion coefficieht of phosphoric ecid
(omg/sec)_,- | |
Diffusion coefficient of phosphoric acid‘in the
bulk‘of7a solutioh (cmg/sec). | |
Diffusion coefficient of phosphoric acid at

the anode surface (cmz/sec)

Mean diffusion coefficient of phosphoric acid

(cm?/sec) v
Electric field strength (V/em)
Electrode potential with respect to a standard

z_caromel electrode (V)

_Electrode potentlal (hydrogen scale) (v).

Equlllbrlum potential for electrode reaction

(L) (v)

Equilibrium potential,for electrode reaction (M)(V)

Faraday s constant (96500 coul/gm eq. )
Gibbs free energy (joules)
Peak height of a151nu301dal wavy anode surface

at t =t (cm)

Pesk height at t = 0 (cm)

Total current (A)

First dissociation constant of phosphoric gcid

(mo1/1)
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Equilibrium constént for reaction (G)_(mol/l)"
Hydrélyéis constant of éupric ions (mol/1)
ﬁissbciation.constant df coppér phosphate (mol/l)g
Complete elliptic integral of the first kind
Electrode lengtﬁ (cm) |

Moleéular welght of a dissolved metal (g/mol)

Electrode rotations‘per_secoﬁd (1/sec) o

Amount of electricity (coul.)

Ges constant (1.987 cal/g-mol.°K)
Electric resistance between two parallel

_electrodes (9)

‘Electric resistanée»betwéén two parallel elec-

Strédes in the uhiform—éiéctrostdtic field Q)
Diffgsion resistance for a partially covered

surface |
Diffusion resistance fqrba clean surface
Electric resistance due to an electrolyte

between an éhode and a refefence.electrode (Q)
Series electric resisténce'(Q) |
Electfic resistance of an oxide film (Q)
Reactipﬁ resistance (Q. ¢ cm2) |

Double layer electric resistance ()

‘:Paraliel electric resistance (Q)

Parallel electric'reSistance’per unit area (Q ° cm2),
Cross-sectional area for fluid flow (cm?)

Absolutevtemperatufe (°K)
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a

AV

AW
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Average splid film femperaturév(°0)

Temperature of‘a.soluﬁioﬁ ﬁéar an anﬁde (°c)

Mean fluid velocity (cm/sec)

Center line velocity of flow in a rectangular
cﬁaﬁnel (cm/sec)

Ohmicv pdtentiai drop across a.n anode .a.nd a
reference electrode (V)

Applied voltage across an anode and s referencé
electrode (V)

Ohmic po?gptigl drop.across an anode and the
tip of & capillary in the potehtiostaticv
experiments (V) |

Weight loss of an anode specimen (g)

Impedance across an anode copper and a reference .

electrode ()

TN
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2
Yi’ Yiac, Yi_‘bcs Yit, Yil
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Definition

Greek letters

Anodic ﬁransfer céefficiént_for active_dis—
solution of coppef

Degree of the_f{rst di3sociationiof phosphoric

" acid | |

Dégree of'dissociafion_qf copper phoéphate

Anodié ﬁransférbcoefficient for the formation
-of cﬁprous.oxide |

Apéafent degreé;of ionizatidn»of phosphoric
acid in Eq. h3 |

Symmetry factor in Eq. 56

~ Degree of the second dissociation of phosphofic

‘acid v
Activity coefficient of ions

Mean activity coefficient

' .Diffusion layer. thickness (cm)

Dielectric constant

Dieiectric constant of an oxide film

Overvoltage (V)

Overvoltage for;the’formation of cuprous oxide (V)

Ovefvpltage'fdr'active dissolution of copper (V)

.Concentration overpotential (V)
'Pdtential drop across an oxide film (v)

" Degree of coverage of an ancde surface by a

solid film
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K,Kik;k’ | Modulus ih:thé compleﬁe ellibtic>inﬁegral of ‘
~ the f’ifstvvkind'v |
A .' v farameter in Eq. 6 © (liter/mol) - . A é;
- - " Tonic strengﬁ_h | (mo1/1000g H,0)
ui - ; . _ Viscésity R . i. (g/émf. éec)v 2
vmv' ‘ ' ' 'KinématicﬂfiSCOSity : '(cmz/sec)
3 " ‘ : Reciprocal Qf_scan veiocity in dimensionless
.form | _
0 : . Density o | (g/cm3).'
o | . Specific resistance of a solution ,(Q + cm)
T : Témpergtgre .; (°C) | | |
W ' - _ Angular frequency ; (rad * c/sec) .?
Gf v o o Oiide film thickneés (cm) %
¢ o ' Diménsiohless.potential (Eq.z29)
f . ' " Roughness factor | -
: \
\
2
;
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Dimensionless numbers

Nusselt number
Grashof number
Reynolds number

Schmidt number
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