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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 

ABSTRACT 

Diffusion kinetics of the active dissolution of copper in phosphoric 

acid was studied under both galvanostatic and potentiostatic conditions. 

In agreement with Elmore, and Hickling, et al. , the first voltage :dse 

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

in potentiostatic experiments, is interpreted to be caused by exceeding 

the solubility limit of copper phosphate at the anode surface. The 

potential, or current value respectively can be predicted by evaluating -

the rate of transport of copper phosphate away from the surface. 

Re-examination of published experimental data, as well as numerical 

evaluation of a newly proposed theoretical model, indicates that in 

electropolishing the concentration of phosphoric acid at the anode surface 

is far from zero; pH =:: 2. 

Correction of lite:r;ature values of anodic overpotential for ohmic 

potential drop between anode and reference electrode and for concentration 

overpotential reveals that in the active dissolution range the behavior 

of charge transfer overpotential can be well represented by the Tafel 

relation; the calculated value of a is similar to that reported for 
a 

dissolution of copper in acid sulfate media. 

The characteristic current peak separating the active dissolution 

region from the current plateau, where polishi~g occurs, is shown to 

result from increasing coverage of the anode surface by cuprous oxide 

with increasing applied potential. 
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Thermodynamic and transport calculations lead to a coherent picture 

of the stability of cuprous and cupric oxides in the brightening-polishing 

range, A reinterpretation o~ impedance data obtained by Ohashi, et al., 

on oxide-covered copper anodes indicates that the range of thickness of 

the invisible layer responsible for the polishing action is 13 - 124 A, 

Optical observations, thermodynamic calculations, and impedance data 

indicate that in the polishing region the oxide covering the surface is 

muitilayered, probably composed of layers of Cu
2
o, CuO, and. a'higher oxide 

of copper. 

A method is presented for the prediction of the current density 

range suitable for electropolishing under various hydrodynamic conditions. 
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I. INT:BODUCTION 

The polishing of metallic suri'aces by means of anodic dissolution 

' 1 ' 
was first proposed bY' Ja.cq;uet in the 19]0ts.* Since that time electro-

polishing has become a standard method for obtaining metallographic 

samples and it has also been employed as an industrial finishing process 

for metallic objects. Because of its economic significance, the process 

of electropolishing has drawn the attention of many investigators both 

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

large m.nnber of scientific publications and patents concerning the 

elect~opolishing of metals. 

Operating conditions in the electropolishing process, applicable to 

metals of technical interest and to a large variety of single or multi-

phase alloys have gradually been established by trial and error methods. 

2'" Table I shows electropolishing conditions most frequently used 

for copper and its alloys. Although much experience has been accumulated 

on electropolishing phenomena of metals in various electrolytes (especially 

for the Cu/H
3
Po4 system), no definitive theory has so far beeri proposed 

which satisfactorily accounts for the phenomena in quantitative terms 

and gives a rational basis for the design of the electropolishing process. 

A study of the electropolishing of .copper in concentrated phosphoric 

acid has been chosen as a vehicle of this research for the following 

reasons: 

1. The Cu/H
3
Po4 system has the longest history since the.discovery 

of electropolishing; serious attempts to explain the mechanism of 

* Electropolishing phenomena were reported, however, in the patient liter-
ature already before Jacquet (See Ref. 2"'). 
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Table I. Electropolishing conditions .for .· . . C tn l copper and its' alloys 2 • 

Solution Cell 
Composition 

H20 175 ml 

H
3
Po4 (85%) 825 ml cu. 

Use Yoltage 

1,0-1.6 

H
2
o 300 ml 

H
3
Po4(85%) 700 ml 

Cu, brass, 1.5-1.8 

Cu alloys 
except Sn 
bronze 

H2o 600 ml 

H
3
Po4 (85%) 400 ml 

a brass, 1-2 
and a~y brass 
Cu-Fe, Cu-Co 

H20 1000 ml 

pyrophosphoric 

acid.580 g 

Copper 1-2 

H2o 500 ml 

EtOH(95%) 250 ml 

Hlo4(85%) 250 ml 

H20 450 ml ' 

H
3
Po4(85%) 390 ml 

H2so4 160 ml 

brass 

Copper and 

alloys 

Brass 

Bronze to 

9% Sn 

H2o 330 ml Bronze to 

Hlo4 ( 85%) 580 ml 6% Sn 

H
2

so4 90 ml 

MeOH(abs) 660 ml 
HN6

3 
330ml 

Copper, 
brass, alloys 

See ASTM Standards, part 31, 1965. 

1.5-12 

40-70 

.Thne 

10~40 min 

5-15 min 

•· 1-15 min 

10 min 

1-5 min 

10-60 sec 

1-5 min 

l-'5 min 

10-60 sec 

Remarks 

Copper 

cathode 

.Copper 

cathode 

Copper or 
stainless 
cathode 

Copper 

cathodic 

/
. 2 0.1 A em 

2 0.1 A/em 

Explosion· 
hazard 

_, . 
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electropolishing i,n thia ;p~ti,cula;r s~$tem have been made during the 

past twenty years, in part insJ?tred by Wagner's di..fi'usion theory of 

electropolishing; tn spi,te of a great number of patents granted for 

electropolishing systems other than the Cu/H
3

Po4 system, there have 

been much less detailed and accurate data published on~ost of these. 

2. From the intensive investigations done on the Cu/H
3
Po4 system, 

the following salient features of electropolishing have been established: 

* 

al The typical ~elation between anode current density and anode 

potential shows: 1) strong dependence of anode current density 

on anode potential in the active dissolution of copper, and 

the 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 

on_ anode potential in the anode potential region where oXygen 

evolution is observed, 

b) Under given hydrodynamic conditions copper specimens are 

c} 

d} 

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, natilral convection, or 

forced laminar flow with natural convection) is desirable for 

satisfactory electropolishing. 

e} At the current plateau, copper phosphate (a reaction product) 

is probably in a state of' supersaturation and the "viscous 

We define here the cu;rrent 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'' in :iJOJ:nedi._ate contact with_ th_e anode is likely to be 

strongly acidic. 

f} Well electropolished copper specilnens are-mirror-like and have 

no pitting either on the macro or -microscale. 

g} Under the best conditions of electropolishing, the anode specimens 

are covered with a solid film. 

It should be noted, however, that most of the information published so 

far on. this system has not been brought into a coherent picture; a 

quantitative description of the dynamics of this process is to be developed. 

3. Mass transfer under the hydrodynamic conditions favorable for 

good electropolishing is well understood. 

It is the purpose of this research to select reliable information ' 

from the literature by .means of careful evaluation, to combine it with 

new observations, and finally, to establish'a coherent tb.eoretical basis 

of electropolishing. It is hoped that a study along these lines will 

represent an important step toward developing the electropolishing tech-

nique--which is still one of the technical arts--to the level of an 

engineering process. 

' ' 

j_ . .. 
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JI. A REYlEW OF ELECTROl?OLJ:SHJNG O,F CQl?PER 

A. Gener$\l,Descri:ption o.f Copper Electropolishine; 

Before various aspects of the complicated phenomena of electro·· 

polishing ~e described in more detail, it is desirable to give a general 
'. 

description of copper electropolishing* in phosphoric acid** based on 

Jacquet's pioneering work,
1 

and on Hoar and Rothwell's definitive study. 3 

The Work of Jacsuet 

The salient features of copper electropolishing found by Jacquet 

may be 'surmnarized as follows : 

A copper surface anodically dissolved in aqueous solutions of 

phosphoric acid becomes as bright as though it had been polished, if 

volta,ge and current density are kept within definite limits. If properly 

controlled, anodic dissolution will reveal the crystalline structure of 

the metal. The phenomenon seems to be based on the passivation of the 

anode a.nd is a function of concentration polarization·. Jacquet also 

noticed that a visco¥s li~uid layer is formed adjacent to the anode and 

that the anode potential is the most important controlling variable. 

The Work of Hoar and Rothwell 

Using a horizontal disk anode facing upward in a horizontal channel, 

of rectangular shape under fairly well controlled conditions in terms 

of the anode potential and flow of electrolyte, Hoar and Rothwell have 

found the following: 

In 6, 8, and 10 M phosphoric acid, dissolution yith etching, i.e. 

* Electropolishing of copper at room temperature, except otherwise 
·f· · · 2 2' 2" 2"' specl led, See revlews ' ' ' for general references. 

** I 
For brevity phosphoric acid will be. used throughout this thesis instead 

of orthophosphoric acid. 
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active dissolution, occurs. up to the limiting current density,* at which 

polishing sets in. Various types of nearly perfect or of defective 

polishing occur depending on the anode potential and ~low rate. While 
-1 

a bright surface is obtained within the voltage range corresponding to {j: 
..... j .. ;. 

I ,..,. :. 
~l the section BD of the anode polarization curve shown in Fig .. 2 .1 (a 

schematic curve of the anode polarization), the anodic dissolution not 

only produces a bright surface, but also reveals the structure of the 

anode metal, particularly when the applied voltage is close to the value 

corresponding to the beginning of the section BC. In the potential 

region EF, corresponding to the beginning of the ascending section FG, 

the surface of the anode is always bright and smooth; the "best electro-

polished" surface is obtained in this region. 

The limiting cilrrent density in the region EF increases with about 

the 0.5 power of the flow rate. An Arrhenius plot of the limiting 

current in this potential region shows that the activation energy for 

this dissolution process is in the range of 3.4 - 3.6 kcal/:rnole; a 

reasonable range ~or diffusion of ions in the anodic boundary layer. 

Hoar and his co-workers have also demonstrated by the "mercury test" the 

existence of a compact solid film on the copper surface·undergoing 

electropolishing at the current plateau. 

Some of the Problems Raised by Jacquet's Work 

Many of the problems arising from Jacquet's work, and left unsolved, 

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

They are: 

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



A 
0 

0.3 0.5 1.0 

Anode Potential 

1.5 

Eh {V} 

XBL 7111-7537 
Fig. 2.1 A typical curve of the anode polarization of a horizontal copper 

anode facing upward in a concentrated phosphoric acid solution. 
AB: active dissolution 
EF: region of the best electropolishing 
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\ 

i l the role of the vt.scous layer on the ..mechani$.ID of electropolishing. 

iU the physic~l ~nd chemical n~ture of the viscous layer e.g. viscosity, 

elect.ric conductivity, density, composition, concentration, pH etc. -~: 

iiil the exact nature of the transport of ions or ion-pairs through 

·-the viscous la.yer; the diffusivities of the ions or ion pairs, 

the rate determining step, the concentration profiles of the 

reactants and reaction products in the viscous layer, and the 

effect of flow of electrolyte on the over-all rate of copper 

dissolution. 

iv) the nature of the copper oxide film formed at the anode. 

v) the electrochemical reactions taking place at the anode during 

anodic dissolution of copper in active and passive mode. 

vi) the mechanism of the appearance of limiting current in a wide 

range of anode potential. 

vii) the mechanism of electropolishing on 
' ( 

a) macroscopic scale [leveling of coarse projections]. 

\ b) microscopic scale [dissapearance of crystallographic facet 

formation]. 

viii) the physico-chemical nature of the solid copper phosphate 

deposited from the supersaturated solution of copper phosphate. 

ix) the nature of transport of the diffusing species through the 

thin solid films (oxide films) adhering to the anode, and the 

role of the solid films on electropolishing. 

x) the relation between oscillation of anode current or potential 

and electropolishing phenomena. 
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In the early stages of tnyesti:gatton of' electroJ?oliab.ing phenomena., 

i.e.' before the middle 1950's~ the various theories of electropolishing 

tried to explain the preferential disaol-ution of asperites of the anode 

in terms df the properties- of 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 number of investigators. 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 values of physical properties, of course, do not represent 

properties of an infinitely thin homogenous liquid layer in contact 

with the anode, but some· average values of these.properties in the 

viscous layer. 

Viscosity of the Layer 

The viscosity of the layer has been measured by Halfawy,
4 

Walton, 5 

Vozdvizhensky, et al. ,6 and more recently Krichmar. 7 The viscosity of 

this layer may be a few times higher than that of the auqeous phosphoric 

acid bath used. 

Specific Electric Conductivity of the Layer 

4 
Acc<!:lrding_ to Halfawy, the conductivity of the layer in 11 M/1 

I 

H
3
Po4 is 0.087 rt'""

1
cm"'1 at 25°C (a lfttle more than half of that of the 

bulk acid bath}. 
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Density of th~ La¥er 

The density of the l~yer is larger than that of tfre bulk elec-

4-7 
trol~te, See Table A-2. 

Chemical COJD.I?osition of. tiLe 'Lam 

8 Using infrared absort:i:on spectnnn, Laforgue-Kantzer found that the 

dissolution product of copper in phosphoric acid mey be represented by 

CuCH2Po412 · xH
3

Po4 + Cu HPo4 • yH
3

Po4, According to Krichmar and 

Galushko,9 the anodic dissolution product has the composition: 

xCu(H
2
Po4)

2 
. yH

3
Po4. 

Concentration of Phosphoric Acid at the Anode 

The knowledge of the concentrations of the species participating 

in the anode reaction at the solution-anode interface, i.e., phosphoric 

acid as a reactant, copper phosphate as a reaction product, and water, 

is important for determining the diffusion kinetics on the liquid side. 

The concentration of free phosphoric acid in the viscous layer has been 

measured potentiometrically by Kricbmar and Galushko, 9 Walton, 5 and 

Petit. 60 I:f we assume that the composition of copper phosphate in the 

viscous leyer is approximately Cu(H
2
Po4)

2
, the concentration of free 

phosphoric acid in the leyer--when cone. H
3

Po4 is used as the bath--

10 11 is fairly high'and far :from zero as assumed by Edwards· and Wagner 

Concentration of Copper Phosphate at the Anode 

Several Authors 7 •10 '12 have measured the concentration* of copper 

phosphate in the anolyte supersaturated with dissolved copper ion. The 

' ' 

anolyte was separated by a porous membrane from the catholyte during 

* · Concentration determined by chemical analysis. 

' 
. ~:. 
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anodic dissoluti.on of' coppe;r. ;Figu;re A-1 in Appendix I shows the 

relation between the concentra,ti.on of' copper ion Ccul* in the anolyte 

and the concentration of' phosphoric acid in the bath. It is shown that 

the anodically dissolved copper ion is in a state of supersaturation; 

the degree of' supersa,tura.tion in agitated solutions is of the order of 

0.45 to 0.65 M/1. For the concentration range of 4 to lo 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 manner. This suggests that copper phosphate doesn't demonstrate 

a peculiar behavior, one that differs greatly from phosphates of several 

other divalent metals. 

Solubility Limit 

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

. 16 
Elmore assumed the following: 

* 

-
i) When current passes through the cell, dissolved metal leaves 

the vicinity of the anode for the most part by diffusion and 

not by migration. This requires that the concentration gradient 

at the anode be proportional at all times to the current density. 

Thus, for a plane anode of' area A located at x = 0 the current 

I is given by 

. (()C' ) 
I= -AFD ~ . ax 

x=O 

where F is Faraday's constant, C]_ is the concentration of a 

dissolved metal in equivalents, and Dis tbe coefficient of 

Concentration determined by chemical analysis .. 

(1) 

** ++ ++ ++ ++ ++ ++ 
Ca Mg , Fe , Mn , Mg , Zn 
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diffusion of a dis$olyed .;net?3.1, assumed to be a constant. 

ii )_ · After the current has pa,ssed for a certai.h time t' the concen.,
s 

tration at the anode surface reaches a maximum value C' the 
s' 

solubility l:i:mit of the metal in the electrolyte. 

iii} At times later than t' , provided that no new anode reaction s . 

occurs, the current is limited according to Eq. (1) by the 
' 

concentration gradient which exists at the anode. 

From these assumptions it follows that when a limiting current has 

been established, as shown by a characteristic plateau in the voltage

' 
current curve, metal going into solution will diffuse from high points 

on the surface more rapidly than from depressions, since, near the 

former, steeper concentration gradients will exist. Consequently the 

surface will become progressively more smooth. 

According to this view, the solubility limit is an important factor 

/ 

in electropolishing. 

For horizontal anodes facing upward o~ the bottom of a cylindrical 

cell, according to Elmore's experimental results 
) . 

i(t 1 )
1 / 2 = Const.* 

s 
(2) 

approximately holds for the phosphoric acid concentration range of sp. 

1. 33 1 6o ('t t 23.5°-24°c)_. gr . : . - . empera ure : In Eq. (2) the time required 

for the onset of the drop of the current was interpreted by $lmore as 

t' .** Comparison of Eq. (2) with-the theoretical relation obtained by 
s 

Elmore yields 

*The theoretical relation obtained by Elmore is i(t')1/ 2 = ~ C' AF(7TD)
1

/ 2 
s 2 s 

·**Time ts corresponds to the time required for the onset of the anode 
potential jump, ts' when the applied current is maintained constant. 

.) 

_ .. ,Jl._ 
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2 
C' ~ Const. 

s F(JTJJl1/2 

No further study, however, was made on the nature of the solubility 

limit C1 • 
s 

(3) 

17 1/2 . 
Edwards has studied the dependence of i(t J on anode area, phos-

s 

phorid acid concentration, 

and on viscosity. Edwards 

copper phosphate solubility ·(thermodynamic), 

confirmed that i(t )'1 / 2 is nearly independent of . s 

i for a given cell.* He also noticed that there is a tendency for i(t )
1

/ 2 
s 

to be slightly greater than the .mean at the highest and lowest values of 

t . Because of lack of experimental values of properties related to the 
s 

transport of the species partiCipating in the anodic dissolution of 

copper, Edwards could not reach a consistent view of both the nature of 

the solubility limit and the .mechanism of the diffusion kinetics. 

Investigations similar to those of Elmore have been made by Krictmar,18 

and Vozdvizhensky, et al.; 51 both have confirmed the significance of the 

solubility limit. 

C. Solution-Side Transport 

It w.as recognized already by Jacquet that hydrodynamic conditions 

near the anode are important in the eiectropolishing of copper. 

Effect of Flow of Eiectrolyte on Limiting Current 

Dependence of limiting current density on the flow rate of electrolyte 

has been qualitatively :G.westigated by Jacquet and many others before the 

1960 1 s and :nore quantitatively in the 1960 1 s. 
3 . 

Hoar and Rothwell found 

that the average limiting current density,** i' , , over a disk anode 
lp· 

* A horizontal anode facing upward. 
** Current density in the anode potential region EF in Fig. ·1. 



-14-

facing upwa,rd in a ho,:rizont~l ,flow of concent:r~ted J?h.osphori.c acid is 

a.pproxi,mately 
i oo Yo,46 

1p 
for laminar flow at l8°C (4) 

in which Y is the maxi,mum flow velocity of the acid solution in a rectan-

gular channel. For a rotating disk anode, the'limit:ing current density 

measured by. Zembura19 follows the relation 

for N < 50 rot/sec 
1.0 - 15.0 M/1 H

3
Po4 (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 discussed by Hickling and 

H · . 12 Z b . l9 ·E.d d lO d . . f 1.gg1.ns, em ura, · war s, an others, but 1. t 1.s still one o the 

controversial problems. Zembura has found that i
1 

can't be calculated 

by assuming that phosphoric.acid is the controlling species. According 

to Hickling and Higgins, the limiting current decreases with the decrease 

of concentration difference of cupric ions between the phase boundary 

anode/ roln. and the bulk electrolyte. However, Hickling anq, Higgins ' 

test was performed only for a dilute phosphoric acid bath where electro-

polishing is not possible. The role of diffusion of water on the limiting 

current was discussed by Petit. 20 

It should be noted, however, that current density is not constant 

at the so-called current plateau, especially when the polishing bath is 

only slightly agitated (see Fig. 2.1). The rate-determining stage should 

be discussed under conditions when the phase -boundary anode/soln. is well 
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de.fined. Most work done s.o ..:fe.r on thi.s subject has coml'letely neglected 

variation of the current density occurring at the current plateau, partly 

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

o.f the plateau can be detected only by carefUl potentiostatic experiments . 

Difi'usivity of Co;pver Dissolution Product 

No data were published on the difi'usivity of the anodic dissolution 

21 product o.f cooper (copper phosphate) until Kricbmar's work appeared 

in 1966. 
22 

(Some attempts were made before to estimate the order of 

/magnitude o.f the diffusivity of copper phosphate "by the use of the dif-

fusion equation and the solubility o.f copper phosphate.) Using a pol-
; 

arographic method, which is just the reverse process of the anodic 

dissolution in which we are interested, Krichmar obtained the diffusivities 

of copper phosphate shown in Table A-1 in Appendix I. Kricbmar proposed 

the following form for the diffusity of copper phosphate at C , concen
p 

tration of copper ion: 

D = D exp (-AC ) P po p 
( 6) 

in which D , D , represent the diffusivity of copper dissolution product p po 

at C , and at C = 0, respectively, and A is a parameter which changes 
p p 

slightly with the concentration of phosphoric acid. 

D. Mechanism of Electropolishing on Macroscopic 
Scale (Mechanism of Leveline) 

. d .d 10 It was almost 20 years after Jacquet's pioneering work when E wars, 

in 1953, proposed a mechanism of electropoli~hing on macroscopic scale 

based on diffusion on the solution side. Edwards* demonstrated this 

for way.y anode surfaces whose wave length was 30 or 40 microns or larger. 

*Experimental verification of change of roughness with time. 
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11 . 
In th.e same yea;r, (J.253l Wa,gner* proposed a mathematical theory 

for transient decreas.e o;f the ;J?eak height of sinusoidal wavy anode sur-

.faces of small values o.f the .ratio H /a , in which H and a are initial 
' 0 p . 0 p 

peak height and wave length respectively. Wagner's Eathematical .form, 

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

i- t = 
1 

n F.a p 
E 

2 Tf M 

H 
0 

.ln H . ( 7) 

in which i , t, n, F, a , p, M, ·and H are average current density over 
1 p 

apparent unit surface area of the anode, time, valence of the dissolved 

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

molecular weight o:f the metal, and peak height at time t respectively. 

Wagner assumed as one of the boundary conditions to be imposed on 

Laplace's equation that the concentration of the diffusing species at 

the anode surface, C,* is zero. 23 As mentioned by Williams and Barrett, 

Eq. (7} also holds for the boundary conditions 

and 

C* = constant 

c = 0 
0 

in which C is the concentr'ation of the diffusing species at a point 
0 

far from the anode surface. According to Wagner's theory, current 

density distribution on the wavy surface is given by: 

i .. X 

i 
1 

* 

= 1 + 2 Tf H sin 2 Tf x· 
a 

p 
a 

p 
(8) 

Prior to Edwards and Wagner, the important role of diffusion of the 
dissolved anode material on the mechanism of electropolishing was. quali
tatively discussed by Elmore.16 

-· 

'--i .. 
i 



·-

i l i h u I! .. 
6 ~.) 

.. 
d ;,_,.. l,,J ;} ,:.) ,1 

/' ~J 

-17-

in which i is loca,l cwrent den~ity 13-t di~te,nce .x along the surface. 
X 

.. . 24 . 
Kricl:unar and his co ...... workers have -ma,de intensij.re tmreati,gations of the 

anodic leveling of rough surfaces of metals, such as copper, brass, stain-

less steel, aluminum, and nickel. Vertical anodes of sinusoidal wavy 

surface were dissolved at the current plateau in. concentrated phosphoric 
\ 

acid or in the mixed solutions of concentrated phosphoric acid and sul-

phuric acid with or without additive agents. The wave length used at 

their experiments was in the range of 50 to 700 microns, with initial 

peak height less than one tenth wave length. The anolyte was separated 

by a porous membrane from the catholyte, and electrolyte flow other 

than natural convection was suppressed. They found that log (H /H) is 
0 

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

using Eq. (7), they used the relation 

(9) 

in which 8 is diffusion layer thickness. The hyperbolic tangent term, 

tanh (2rro/a ), under their experimental conditions is, however, very 
p 

close to unity and therefore Eq. (9) is approximately equal to Eq. (7). 

This shows that Wagner's theoretical result is in good agreement with 

Krichmar anc} co-workers' experimental results. 

It is to be noted, however, that very little justificatioq has been 

given for why the assumptions made by Wagner may be valid for the leveling 

of rough surfaces with fairly large wave length. Our understanding on 

the phenomena of leveling is still far from complete even from. the 

phenomenological point of view. 



-18-

E, §W't].ce §tate gf the Anode 

As Jllentioned in Section A~ va:ri:ou~ types of nea.rly ;pe;rfect and of 

defective polislllng occu:r at the current plateau, deptmding on the anode 

potential and electTolyte flow rate. 

This behavior· can not be explained by Wagner's theory, which assumes 

the current plateau to be caused by concentration polarization of a 

species participating in the anode reaction. When the wave length of a 

rough surface is of the order of a micron or less (electropolishing on 

microscopic scale), the time required for obtaining the same peak height 

ratio H /H as that on macroscopic scale may be a few orders of magnitude 
0 

smaller than that required in electropolishing on macroscopic scale. 

This implies that a rough sll.iface is leveled on a microscopic scale much 

faster than on a macroscopic scale. 

Electropolishing on the microscopic scale is very closely related 

to the surface state of the anodes, and to the transport of ions through 

the solid films formed on·the copper surface. The physical and chemical 

properties of these films depend on the anode potential, electrolyte 

flow rate,'temperature, and the crystallographic structure of the copper 

substrate. 

Microscopic Observation of·the Anode SU:rface* 

In order to obtain the potential range characteristic of each type 

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

surfaces of horizontal anodes facing upward have been carefully observed 

by Lorking25 with a Leitz "Ultrapak" microscope with a plastic extension 

fitted to the objective. The results obtained by Lorking are shown in 

* Observations Jllade during anodic dissolution. 

-· 

• i \.;. 
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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, 

Hoar and Rothwell,3 Dmitriev,
26 

and others. 

Surface Condition of Electropolished Specimens of Copper After 
Washing and Drying 

Changes in the microstructure and relief of the surfaces of annealed 

or unannealed copper electropolished in 72% H
3

Po4 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~~ 0.64 volt* (hydrogen scale) 

for annealed copper and at ~ ~ 0.56 volt* for unannealed copper. The 

smoothing of the microrelief, observed with an optical microscope 

(x 400}, is mainly completed at~~ 1 volt* or higher for annealed 

copper and at ~ ~ 0.64 volt* br higher for unannealed copper. 

Vozdvizhenskii, et al. •s
28 

observations have confirmed 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 surfaces 

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. 



-20-

Table II. Effect of anode potential on the surface finish 
and appearance of the anode surface.25 

Surface Finish 

Etch 

Border etch 
and polish 

Polish 

Matt surface 

Medium current 
density polish 

Pitted surface 

High current 
density polish 

Range of Potential 
(E )* 

c 

0.21 to 0.37 

0.37 to 0.4 

0.4 to 0.7 

0.7 to 0.9 

0.9 to 1.4 

1.4 to l. 7 

1.7 

Appearance of 
Anode Surface 

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 caromel electrode and with no ohmic drop 
correction. 

.. 
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film, probably cupric oxide. The g,uestion of the presence of an invisible 

solid layer has been a subject of investigation by many researchers in 

recent years. 

Bluish White Solid 

As the amount of electrical charge passed during anodic dissolution 

of copper increases, the concentration of the copper dissolution product 

increases near the anode until a bluish white solid deposits on the anode 

surface. The salt obtained by crystallization from the anode layer was 

identified by Halfawy
4 

by means of its electron diffraction pattern as 

4Cu0 '• P 
2
o

5 
· H

2
o. Guerin and Kozicki 29 found that at the equilibrium 

state the .solid copper phosphate is of the form, P
2
o

5 
· CuO · 2H

2
o or 

Cu(H2Po4 )2 , in phosphoric acid solutions containing mcire than 59.2% 

P
2
o

5
. In the concentration range of 21.5 tci 59.2% P

2
o

5
, the solid is 

P
2
o

5 
2Cu0 3H

2
o or CuHPo4 • H

2
o, and P

2
o

5 
• 4Cu0 · H

2
o is formed in 

acid weaker than 2.15% P
2
o

5
. 

Reddish-Brown Layer 

From the potential* at which it is formed and from its general 

app~arance, the reddish-brown non-coherent layer certainly cuprous 

"d 3,25,29 
OXJ. e. However, this view needs to be re-examined, after correcting 

for the ohmic drop due to resistance between the anode and a reference 

electrode. The ohmic drop cannot be neglected because of the fairly 

high limiting current densities in typical polishing operations. 

Thin Black Film 

From the potential* at which it is formed and from its general 

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

cupric oxide:• 25 •30 Without help of a microscope, it is difficult to 

* No ohmic drop correction. 
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observe the presence of this black fiim as it is formed on the anode 

surface. 

G. The Invisible Layer on the Anode Surface 

As mentioned in the previous sections, the appearance of the current 

plateau in a wide range of anode potential (approximately one volt), is 
I 

characteristic of the electropolishing process. 

If we assume that the viscous layer in immediate contact with the 

anode is fai:dy a~idic' and the diffusion rate-.determing species at the 

( -· 16 
current plateau is copper phosphate as claimed by Elmore and Hickling 

and Higgins12 ), it follows that the anode is in contact with a super~ 

saturated solution of copper phosphate, as well as with a solid deposit 

of the latter substance. Under these conditions, the potential of a clean 

surface of copper m~ remain nearly constant except when the degree of cov-

erage of the anode surface with the solid film is very close to unity and 

the ohmic drop through very small pores is very high• However, this appears 

to be far fromreality; w~ll electropolished copper specimens show no 

evidence of pitting either on the macro- or microscale. We have little 

similarity to a cathodic limiting current, which is caused by th~ deple-

tion of a cation at ,the cathode surface. 

Great efforts have been made recently to find an invisible film of 

high resistivity, which adheres to the anode surface firmly. 

Visual solids mentioned in the preceeding section may be excluded 

from our present concen, if we accept the following interpretation 

. . 31 
proposed by Mohlberger: 

i) If the visible layers are solidly bonded to the copper surface,· 

then a polished metal surface can never be obtained after the 

polishing treatment. 

-· 

i 
;• 
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ii} I:f these layers are, located at a certain distance from the metal 

surface as a separate aggregate, then they do not necessarily 

participate in a reaction taking place at the metal surface. 

It follows, therefore, that the visible solid covering layers cannot 

participate directly in the electropolishing processes. Faults, pits, 

and wart-like projections are certainly formed on the metal surface 

where the rest of these solid layers can adhere to the metal surface. , 

In addition, these visible solid layers occur only in the case of certain 

metals in certain electrolytes. 

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. 3 •32 

These investigators attached small droplets of mercury bn horizontal copper 

and brass anodes during electrolysis in 42.5% phosphoric acid solution. 

The droplets wetted the surface in less than a second when the anode 

potential was below the plateau at which polishing occurred. When the 

potential was increased to the point at which electropolishing occurred, 

additional droplets did not wet the surface but remained immobilized on 

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

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

They concluded that a continuously forming and dissolving compact soli-d 

film, absent during etching, is present on the surface of 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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ImiJedance of the Anode/Solution Interface 

Ohashi and Nagaura33 have measured the impedance between a vertical 

anode and a reference electrode py superimposing a very small alternating 

' current on the direct current used for the anodic dissolution of copper. 

They have found that under the best electropolishing conditions the 

series resistance and capacitance have frequency, dispersions similar to 

those of the passive film on iron in concentrated phosphoric acid 

(frequency range of 0.4 to 10 KHz). 

A quantitative analysis on the measured impedance of the anode/ 

solution interface would be very desirable to obtain some information 

on the electrical properties of the invisible film. 

Ellipsometric Measurement of the Invisible Layer 
\ 

Another "direct" and in situ method to investigate the thickness 

and nature of the invisible layer present during electropolishing is 

provided by ellipsometry, a technique which has been widely used in 

recent years for the st~dy of the p~ssi ve films of metals. 

Taking great care in replacing the polishing bath with an inert 

organic li~uid after electropolishing, Novak, Reddy, and Wroblowa34 

recently measured relative phase retardation and relative amplitude 

reduction as a function of anode potential. Their investigation led 

to the conclusion that the electropolishing process on a vertical anode 

++ in 65% phosphoric acid saturated with Cu ions at the current 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-
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P?Ysical and Chemical Nature of the Layer 

Electropolished copper surfaces after washing and drying have been 

studied with electron diffraction. Cuprous oxide patterns have been 

. 35-4o 4o . . . · conflrme~ Deziderev, Gorbachuk and Sozin recently have reported 

the following: 

A cuprous oxide layer of most perfect grain str11cture is formed on 

annealed copper specimens when polishing occurs at 0.9 V (no ohmic drop) 

correction) in the initial region of the horizontal section on the 

polarization curve, that is, when the electrode surfaces are only slightly 

covered with oxide structures. The diffuseness of the grain maxima has 

almost completely disappeared from the electron-diffraction pattern. The 

grain of cuprous oxide is also seen for a specimen which has been pro-

cessed at 1. 7 V. · A similar electron-diffraction pattern is obtained for 

the sur~ace of other copper specimens treated under similar conditions. 

I t .t t th .b p· h41 1. . th t 1 t 1· h d n con ras o e a ove lnc c alms a e ec ropo lS e copper 

surfaces show only the patterns of pure copper. However, in Finch's 

experiments the copper oxide film could have been reduced to copper 

during the measurement of the diffraction patterns. According to Sozin 

and Gorbachuk,39 cuprous oxide films formed during the electropolishing 

process disappear gradually at first and then completely; the electron 

dif~;raction pattern characteristic of cuprous oxide, obtained immediately 

after polishing, becomes weaker over a period of several days and dis-

appears, after which the pattern of a different substance appears. 

The question as to whether copper oxide films are really formed 

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

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

electropolishing step remains on the anode surface. Jacquet and Jean42 

showed that electropolished·copper surfaces .retain a phosphorus compound 

43 . 
after washing. Simpson and Hackerm.an made a study of phosphorous 

t . d aft h. . . P32 t . re a1ne er was 1ng us1ng as a racer. Their results shbw that 

depending on the treatment after electropolishing the remaining phosphate 
' 

may be of the order of a mono molecular layer or less. 

Photoelectrochemical invest~gations of the anodic dissolution of 

copper were carried out by Grechkhina and Valeev.
44 

Their studies show 

that at potentials above a definite value, a light-sensitive film appears 

on the Cu surface. The photoelectrochemical effects at various electrode 

potentials differ both in magnitude and in rate of increase and quenching, 

probably caused by changes in the composition and properties of the film. 

A decrease in the extent of etching and in the smoothing of the micro-

and submicrorelief of the surface is observed only during the appearance 

of a light-sensitive film, which gives a slowly quenching photoelectro-

chemical effect. Polishing of the surface sets in when a definite value 

of this effect is reached. 

Activation* of the compact solid films on the anode in electro-

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

45 46 Bartlett, and Valeev and Petrov. According to these investigations 

the activation time increases with the increase of the anode potential 

* For its definition, 
Press~ N. Y., 1967)

2 of the order of 10-

** 

seeK~ J. Vetter, Electrochemical Kinetics, (Academic 
Ch. 6, pp. 778. The maximum activation time may be 
to lo-3 sec. 

Interruption experiments. 

I • 
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up,to the potential, where the limiting current density begins to increase 

(point Fin Fig. 2.1), and then drops sharply to a nearly constant value. 

No interpretationhas been given for the mechanism of this self-activation. 

Thickness of the Layer 

As mentioned in the preceding section, the thickness of the invisible 

layer may be of the order of 40 to 120 A. The order of magnitude of the 

film thickness can also be estimated from the cathodic reduction of the 

film in a suitable electrolyte, provided that local corrosion is negligible 
I 

47 dUring washing and cathodic reduction. Lambert and Trevoy as well as 

38 
Allen made a cathodic reduction experiment of an electropolished copper 

specimen as described below: 

A smooth Cu specimen was prepared by electropolishing in an aqueous 

solution containing 63% by weight of phosphoric acid, followed by thorough 

rinsing in redistilled water and ethanol before drying. The cathodic 

2 reduction of the specimen at very low current densities (11A./cm ) was 

carried out in solutions of KCl of pH 8-9. Coulometric measurements 

indicate that the film thickness is of the order of 15 to 35 A, if the 

film is assumed to be cuprous oxide of uniform thickness covering the 

entire surface of -the specimen. However, if we take into account the 

self-activation of the film during washing of the specimen, it is ,very 

likely that the film thickness is larger than that .obtained by Lambert 

and Trevoy. 
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H. Chemical and Electrochemical Reactions at the Anode 

Surprisingly small numbers of investigations have been reportedon 

the chemical and electrochemical reactions occurring at the anode i,n the 

active.andpassive (current plateau) region. 
\ 

Apparent Valence of the Dissolved Copper 

Petit andSchmitt48 measured the apparent valence of copper dissolving 

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

apparent valence below the current plateau* is shown below: 

E ** i c 2 (v/ECS) rnA/em n' 

O.l70 3.980 2.00±0.05 

0.120 0.251 1.84±0 .05 

in which E , i, and n' are the anode potential with respect to a saturated 
c 

caromel'electrode, applied current density, and the apparent valence 

respectiv~ly. 

According to Frome:nt·,49 who used the weight loss method, copper 

dissolves in the divalent state when E is higher than 0.11 volt. 
c 

Using radioactive copper (cu64 ) anodes, M. C. 'Petit and G~ Y .. Petit50 

measured the ratio P/Q, in which P is the number of counts per minute of 

the radioactive copper ions anodically dissolved in the solution and Q 

is the total amount of charge passed, as a function of.the anode potential 

or the cell voltage. In agreement with Froment'~ results49 , Petit et al. 
. ( t 

found that the ratio P/Q is constant in the cell voltage range of 0.25 -

1.5 v. 

* The current plateau starts.around Ec=0.2 Volt in their experiments. 
** No ohmic drop correction. 

t (The. cell voltage 0. 25 V .. corresponds to E =0.11 V.) 
c 

·.... . 
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Anode Reaction Scheme 

Petit and Schmitt
48 

proposed that copper dissolves in the divalent 

state below and at the current plateau: 

++ 
Cu -+ Cu + 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 proposed the following scheme: 

a) Formation of a red-brown film of cuprous oxide. 

E * = c 
0.23 - 0.059pH 

b) Oxidation of cuprous oxide to cupric oxide, 

E * ::::: 0.43 - 0.059pH c 

c) Foi::m.ation of a thin compact film of cupr:ic oxide. 

- + -Cu + OH -+ CuO + H + 2e 

or 

E * = 0.33 c 0.059pH 

Unfortunately, no quantative basis was given by Lor-king in support of 

this sequence. 

3 Views similar to Larking's were proposed by Hoar and Rothwell, 

and Vozvizhenskii and Turashev. 51 

* With respect to a sa:turated caramel electrode. 
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A review of the literature relevant to the anodic reaction schemes 

indicates.a strong need for additional quantitative work to lead support 

to the reaction schemes alr'eady proposed, or to lead to new, definitive 

concepts. 

·I. Mechanism of Electropolishing on Microscopic Scale* 

l 2 
Jacquet ' noticed that under the conditions of the best electro-

polishing the anode surface attains a macropolish from the moment when 

micropolish becomes detectable. In other words, micropolishing preceeds 

macropolishing, the smallest irregularities dissappearing first.** 

If we apply W~gner's diffusion theory to the micropolishing of 

copper, it takes at most a few minutes to reach the peak height, which 

is one tenth or hundredth of an initial height H for the case H = 11-1, 
0 0 

= 11-1' and i 0.03 A/em 
2 (a model suitable for determing whether a = p ' 

brightening is operative for polycrystalline copper). Undoubtedly, it 

may be di~ficult to explain by Wagner's theory alone the fact that finely 

etched pits of the order of microns both with respect to H and a do not 
p 

disappear on the anode surface even after the anodic dissolution proceeds 

for several minutes (or much longer), if the anode potential is kept 

below a critical potential (Eh = 0.8..:.1.1 V) at the current plateau. 

On the basis _of the fact that the electropolished copper is covered. 

with oxide films, it has been claimed by Jacquet,
1 

Hoar and his co

workers,3'52 and others12 ' 25 ' 33,40,44 , 51 , 53, 54 that some kinds of oxide 

films formed on the anode may play an important role in the micropolishing 

process. 

* Electropolishing can give brilliancy to a surface which is still very 
rough on a macroscopic scale. · 6 
**Surface profile measurements have been made recently. 55 ' 5 

"·• ! •C 
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Concerning the transport of ions through the solid film, several 

views have been proposed: 

* 

i) 

ii) 

2' 3 Hoar, et al.: ' A solid film formed on metal anodes causes 

dissolution of the metal to be uniform over the anode surface, 

and to be independent of variations in free energy due to 

anisotropy and structural discontinuities, because the diffusion 

of ions through the film may be due to cation vacancies and the 

paths of ions are randomly distributed. The rate of ionic 

migration through the film has to be equal in the steady state 

to the rate of the dissolution of the dissolution of the film. 

'I'he latter, being diffusion-limited, is constant and potential-

independent. and thus the rate of ionic migration mu.st be 

potential-independent. The rate of ionic migration can be 
I 

constant if the film thickness increases linearly with potential, 

or if some structural change in the filmwith the increase of 

anode potential takes place. 

34 Novak, ,et al.: Since at the metal-film interface cationic 

vacancies are immediately filled in the fast process of metal 

dissolution, their concentration at the metal-film interface is 

always equal to zero and thus metal dissolves under limiting 

conditions determined by the rate of creation of vacancies at 

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

dissolution, which is potential-independent. 

Some efforts have beenmade to find the relation between oscillations* 

Oscillation of anode potential under galvanostatic conditions and of 
anode·current under potentiostatic conditions. 

/ 
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. . 57 ... 59 
and electropolishing. The nature of these phenomena is still not 

well understood. 

J, Concluding Remarks 

There is little doubt about the fact that both macro and micro-

polishing are operative Un.der the conditions of "best electropolishing". 

It appears that the nature of macropolishing is reasonably well under-

stood. The necessary conditions are: diffusion control and constant 

concentration of a species participating in the dissolution process on 

a macroscopic scale over the entire anode surface. Some useful design 

calculations, such as Wagner's relation (Eq. (7)) are already ava:i,lable 

for macropolishing. 

On the other hand very little is known of the mechanism of micro

polishing. That an invisible solid film plays an important role in 

micropoli~hing has been confirmed only rece~tly. Only qualitative 

interpretations have been given for the several types of surface finish 

occurring at the current plateau and for the nature of the plateau 

(types of over-potential) itself. Studies of reaction schemes at the 

current plateau are still in a speculative' stage. It is evident that 

to evaluate the role of ionic conduction through the solid film, we 

need to learn a great deal more ab9ut the properties of the latter. 

Since no tnfonnation is available on the relationbetween the electro-

c~ical par~eters of the invisible film and the nature of current dis

tribution on microscopic scale, qualified investigations are needed in 

this problem area as wel~. 
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III. OBJECTIVES AND SCOPE OF THIS RESEARCH 

The purpose of this research is to establish a coherent theoretical 

basis of electropolishing. Emphasis will be placed on the study of the 

mechanism of electropolishing on the microscopic scale. Electropolishing 

on the macroscopic scale is less sensitive to the physico-chemical 

nature of the electrolyte near the.anode surface. 

Elucidation of the anodic behavior of copper in concentrated 

phosphoric acid at the current plateau requires similar considerations 

to those relevant to the passive dissolution of other metals (e.g. iron 

.and nickel in acid media). However, we should remember that some of 

the salient features of electropolishing of metals differ phenomenologi-

cally from the passive dissolution of metals: 

i) Current density at the current plateau in the electropolishing 

of copper (0.01 - 0.2 A/cm2 ) is several orders of magnitude 

higher than that in the passive dissolution of metals. 

ii) Current density in the former is controlled by diffusion, where-

as that in the latter is controlled by the rate of chemical 

dissolution of the passive films~ 

iii) Macropolishing is not obtained* in the passive dissolution of 

the iron group metals . 

It follows that the properties of the electrolyte at the anode 

surface in the case of electropolishing are very different from those 

in the bulk of the bath; .whereas in the passive dissolution of metals 

these differences are usually negligible. 

* Electromaching operations are out of our present consideration. 



-34;... 

The mechaniam of formation and properties of the invisible film 

(a kind of passive film in a broad sense*) play an important role in 

micropolishing. The nature of the electrolyte at the anode surface, anode 

potential, temperature, hydrodynamic conditions, purity and crystallo-

graphic nature of copper specimens are ~xpected to have importance in 

determining the character of the solid film on the surface. 

Chapter IV deals with the diffusion kinetics on the solution side. 

The results described in this chapter are used in chapter V for estimating 

the concentrations and activities of the reactants and the reaction 

products at the anode surface. These estimates are necessary for the 

study of the reaction schemes in copper dissolution below--and at the 

current plateau, considered in later chapters. 

In Chapter VI the anode polarization during the active dissolution 

of copper (below the current plateau) is discussed. The significance 

of the correction of the ohmic drop due to resistance between the anode 

and a reference electrode is examined. 

Chapter VII deals with the reaction schemes at the current plateau 

in relation to formation of the invisible film. Passivation of the 

anode by cuprous oxide, ·Which is important for understanding brightening, 

is also aiscussed here. 

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

condi t'ions of electropolishing as well as certain aspects of. the behavior 

of the invisible film are discussed. 

Chapter IX presents a method for predicting the current density 

suitable fcir optimal electropolishing. 

* See ref. 61 and 62. 

-• 
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IV. INVESTIGATION OF SOLUTION-SIDE TRANSPORT 

A. Solution-Side Transport Under Galvanostatic Conditions 

This research starts with a study of galvanostatic dissolution of. 

copper in concentrated phosphoric acid solutions. It is to be noted that 

potentiostatic conditions have been commonly employed in studies of 

electropolishing. 

Dilute solutions of phosphoric acid will not be used throughout 
; 

this research' for copper' electropolishing is not achievable in these 
( 

solutions (see table I). 

A review of the previous work on copper electropolishing (Chapter II) 

shows that the current plateau, where electropolishing of several types 

occurs, is diffusion-controlled. It is suggested from the anode pola:r-i

zation curves obtained by Hoar and Rothwe113 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 a certain value near , 

the limiting current density. Under these conditions, galvanostatic, 

rather than potentiostatic conditions are more suitable for the study 

of diffusion kinetics in copper dissolution: 

i) Applied anode current density can be varied over a wide range 

without any change of the anode surface state of copper under 

auitable galvanostatic conditions. When the current density is 

high, it is rather difficult in potentiostatic experiments* to 

maintain 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. 

* Potentiostatic experiments with no ohmic drop compensation. 
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ii) Experiments are conducted in stagnant solutions o:f phosphoric 

acid. This makes both dissolution experiments and theoretical 

calculations of material transport much easier than those in 

potentiostatic dissolution of copper, which requires well defined 

hydrodynamic conditions to be set up near the anode. 

iii) Under galvanostatic conditions it is not difficult to carry 

out anodic dissolution at nearly uniform current density dis
' 

tribution over the whole anode surface, whereas uniform current 

distribtuion on .an anode in flow (laminar,·flow or natural 

convection) is very difficult to achieve experimentally. Exper-

imental results obtained under the conditions of uniform current 

distribution can be easily compared with theoretical calculations. 

iv) A concentration gradient is formed in the diffusion layer at 

the anode according to the current density, diffusivity of ions, 

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

and chemical properties of the diffusion layer are the same at 

t = 0 as those of the bulk of the electrolyte. At the onset. 

time of anode potential jump the properties reach those of the 

so.:..called "anode viscous layer" which cover~ the anode at the 

current plateau. The physico-chemical nature of the viscous 

layer influences to a lesser degree the experimental results 

in galvanostatic dissolution than in potentiostatic dissolution 

at the current plateau. 

v) When current is passed through a cell in potentiostatic experi-

ments where the anode potential is set to a viHue in the electro-

polishing region, the electrolyte in immediate contact with the 

ill 
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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 (copper 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 a 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 loosely 

contacted to the anode. In potentiostatic experiments the 

ohmic drop between the anode and the reference electrode strongly 

influences the current vs. potenti~l 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 anode surface during 

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

compartment (cathode compartment) and a small lower cylindrical compart-

ment (anode compartment). The diameter of the upper compartment is 

5.0 em and its height 2.4 em. 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 em 

and its height 1.2 em. The anode holder (H) is attached to the cell 

body (B) by nylon bolts (81 ). The anode copper disk (A) (diameter: 

2.53 em, thickness 0.062 em) is held firmly to the bottom of the cell 

body (B) by screws (8
2

) in order to prevent the leakage 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 a hole (N) which 

minimizes the portion of the rear surface of the anode disk that might 

be wetted by the leakage electrolyte. The straight wall of the anode 

compartment parallel to the direction of electric current flow and the 

ratio of the height of the anode compartment to the ~iameter of the 

portion of the anoae exposed to the electrolyte provide a geometry that 

gives a reasonably uniform current density distribution over the entire 

surface of the portion of the anode exposed to the electrolyte. The 

apparent area of the portion of the anode exposed to the electrolyte is 

1.46 cm2 and the inside area of the cylindrical cathode exposed to the 

2 
electrolyte is 38 em . The latter is much larger than the exposed 

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

* Plexiglass. 
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voltage during electrolysis is small. 
. I 

Both the anode andcathode are polycrystalline copper of' 99.9% purity. 

The electrolyte, phosphoric acid (85.9%, Baker analyzed reagent), 

was diluted to desired concentrations by the addition of'· distilled water. 

The anode specimen was mechanically polished, washed with water 

and acetone, and anodically dissolved in concentrated phosphoric acid 

solutions at low current densities, or chemically polished in an acid 

solution (HNo
3
2 vol: H

3
Po4l vol: HAc l vol) and washed with water and 

acetone be'f9re each experiment. 

The anode disk was kept horizontal, and the cylindrical cathode 

vertical; during electrolysis. This con'figuration of' electrodes prevents 
1. 

natural convection from occurring in the anode compartment when a viscous 

solution of' a density higher than that of' the bulk electrolyte is 'formed 

at the anode during electrolysis. 

Dissolution experiments were carried o.ut at 22° ± 1 °C. 

. .., ' 

Constant current was supplied by an Electronic Measurements Model 

C 621 power supply; the cell voltage was measured by a Sargent recorder 

Model MR and the current by a Williamson Voltmeter-Ammeter as shown in 

Fig. 4.2. 

' 
When the electric ·-circuit was cut o'f'f, anode specimen was quickly 

removed 'from the cell and washed with running water and acetone. r 

Tb,e weight loss of the anode specimen by anodic-dissolution was 

measured a'fter washing and drying at room temperature. 

Microscopic observations of' the anode sur'faces were made during 

anodic dissolution (magnification 10-45x), and also a'fter Washing and 

drying (magnification 50~2oox). 

.;,, 1.1 
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Fig. 4.2 Electrical circuit in the galvanostatic 
experiments. 
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2. E:g?erimental Results 

i . Cell voltage chans;e vri th time. 

Some of the cl¥ves of the cell voltage change with time in 10.0
5
- M/ 

liter n
3
Po4 are shown in Figs. 4.3, 4.4, and 4.5. During electrolysis, 

dissolution of the copper specimens takes place .at the anode and the 

simultaneous reactions of hydrogen evolution (major reaction) and copper 

deposition at the cathode. The experiments were repeated several times 

without changing the electrolyte. At .the anode cUrrent density (apparent 

current density)' of i = 0.0362 A/cm2 , the voltage vs. time curves are 

very reproducible as shown in Fig; 4.3 when dissolution is repeated with-

out removing the anode specimen from the cell body. (After each experi-

ment the electrolyte is completely mixed or replaced with a fresh 

electrolYte so that the physico-chemical properties of the electrolyte 

at the anode surface are the same as those of the bulk of the electrolyte 

at t = 0. . A gradual increase of the cell voltage with time, of the 

order of 40 to 60 mV, is observed up to point A, where the cell voltage 

begins to increase very rapidly (the :first voltage ,jump) • Similar 

observations were made fori~ 0.038 A/cm2 . Microscopic observations 
. I 

during anodic dissolution show that atpoint A, light blue nuclei, pro-

bably solid copper phosphate, begin to fOI.m and spread over the anode 

surface, and the number of the nuclei-increases very rapidly near point 

E (the second juml? point~. It is also shown by the microscopic obser-

vations of the anode specimens during anodic dissolution and from those 
/ 

after washing and drying, that at current densities less than 0.038 A/cm2 , 

active dissolution of copper (etching)' proceeds until the first cell 

voltage jump occurs. At i = 0. 0469 A/ cm2 (Fig. 4. 4), the time required 

i . 

i .. 
•: 
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i = 0. 0362 Ajcm 
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Fig~ 4.3 Cell voltage change with time for polycrystalline copper 
in 10.05 M/l H3Po4, i = 0.0362 A/cm2 {six· experiments) •. 
The apparent valence is 2.0

3
. 
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i = 0.0676 A/em 
2 
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Fig. 4.5 Cell voltage change with time 
at i = 0.0676 A/cm2 (six 
experiments) 
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for the first voltage jump (point A} i'or a used specimen is longer than 

that for a fresh one when an interrupted dissolution is repeated. Micro

scopic observations show clearly that at _i = 0.0469 A/cm2, the anode 

suri'ace is partially covered with a brown film, probably cuprous oxide, 

and the spread oi' the li.ght blue color due to the solid deposit over the 

anode surface takes place at point A. As the anode current density is 

further increased, the onset time of the first voltage jump is less 

distinguishable, and the color oi' the blue deposit seems to be lighter. 

ii. Onset of the cell voltage jump (the first voltage jump). 

Electropolished suri'aces of copper are obtained at the current 

plateau in the current vs. anode potential curves under suitable experi-

mental conditions. The current plateau in potentiostatic experiments 

approximately corresponds to the cell voltage jump in galvanostatic 

dissolution. As mentioned in the preceeding section, light blue nuclei, 

probably solid copper phosphate, begins to spread over the anode surface 

·at point A where the cell voltage begins to rise rapidly. The cell 

' voltage jump is, therei'ore, related to the crystallization of the solid 

(copper phosphate) i'ormed at the anode. In addition, the following 

phenomena may also contribute: formation of copper oxides, concentration 
. 

polarization oi' the reactants, or of the reaction_ products, and the 

ohmic drop through very fine pores when they are formed at the anode. 

If dissolution oi' copper proceeds under diffusion control, the concen-

trations of the reactants or the reaction products at the anode surface 

are built up in the following fashion\* 

* See Appendix II...;A-1 for derivation. 

,,, 

.. 

l :. 



I, .• 

~J :J ·: ':! ' 1,) ~ .. ) ,,_) 6 u ~ 
if' 

l ":..:.j 
,; .• 

-47-

C(t)- C(O) 
x=ci 

6 

= 2ki(t)
112 

F('ITD)l/2 
(10) 

. in which C ( t) , C ( 0) , D, i , t, and k are the concentration of the reactant r · 

or the reaction product at t = t, and that-at t = O, diffusivity, anode 

current density, time, and a constant which includes the transference 

riumber arid.· valence of the reactant or the reaction product respectively. 

If the concentrations of the reactants or the reaction products at the 

anode surface at the onset time of the first voltage jump, t , have 
s 

some characteristic values depending on the electrolyte composition, 

temperature, and the physical properties of the electrolyte, the product, 

i(t )1/ 2 , should be independant of current density i. . s 

The relation between i(ts)1/ 2 and i in 10.0
5 

M-H
3
Po

4 
is shown in 

Fig. 4.6: i(t )112 is nearly constant* in the range of i = 0.031 A/cm
2 

s 

to 0.065 A/cm2 , and has the value ci. 36 A (sec) 112 I em 2 . At low current 
. 2 .· . 1/2 
= 0.021 A/em , i(t ) is larger than 0.36. At 

s 
4ensities, such as i 

low current density, the cell voltage increases with time much more 

slowly than expected from high current density experiments and a longer 

t is needed. The product i(t )1 / 2 slightly decreases as i is increased 
s s 

2 above i = 0.065 A/em . 

iii. A;p;pareri.t valence oi' dissolved copper. 

The apparent valence measurements were conducted on the anodic 

dissolution of copper in lo.o
5
M H

3
Po4 under the same experimental con

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

ceding section. The copper dissolution at each current density was 

*Each point of i(t )112 in the range .of i = 0.031 to 0.065 A/ ern? repre
sents the average ~alue of i(t )l/2·in more than ten runs: deviation of 
i{t )1/2 at a given applied cu¥rent density is less than 3%. s . 
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repeatedly carried out until the first cell voltage jump started. Enough 

copper was dissolved to ~easure the weight loss of the anode specimen with 

satisfactory accuracy. The apparent valence n' was calculated by 

(11) 

in which M, F, I, t, and 6W are the molecular weight of copper, (63.54), 

Faraday's constant, total current, total time required for the anodic 

dissolution of 6W, and.the weight loss of the anode specimen respectively. 

The relation between the apparent valence of the dissolved copper 

and the current density is shown in Fig • ·4. 7. . At anode current densities 

less than 0.038 A/cm2 , the valence is 2.03. The values of n' are larger 

than 2 when a brown solid film is formed, probably because the solid 

particles of copper phosphate and copper oxides may be difficult to wash 

away when the porous soliq film covers the anode surface. 

·rn active dissolution of copper the over-all reaction scheme of 

dissolution may be given · 

++ Cu = Cu + 2e 

3. Discussion 

i. Comparison of present-work with previous results. 

The results obtained in this research show that i(t )1/ 2 is nearly s 

independent of current density i in a certain range of current density . 

16 17 This is in good agreement with the results obtained by Elmore, -Edwards, 

Krichmar,18 and Vozdvizhensky, et a1. 51. The values of i(t )112 in 
.. s 

10M Hlo4 by Elmore and Edwards are 0.368 (at 23.5°-24°C) and 0.374 

(at 25°C) respectively, and close to the value 0.36 obtained in this 

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

is 2.03 in the active dissolution of copper, a~d is in good agreement 

with the vaJ,.ue ,2. 00 9btained by Petit and Scbmi tt. 
48 

ii. Relation between i(t )112 and the concentration of 
s 

phosphoric acid. 

If the values of i(t )1 / 2 are those characteristic of the composition 
s 

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

may follow that i(t }1 / 2 is a unique function of the concentration of 
s 

physophoric acid in aqueous solutions at a given temperature. In Fig. 4.8 

the values of i(t )112 are,plotted against the concentration of phosphoric 
' s 

acid. It is shown from Fig. 4.8 that the values of,i(t )1/.2 obtained 
s 

by Elmore,* Edwards, and the present author, are in agreement with one 

another; i(t }1 / 2 decreases with increasing acid concentration. It is 
s ' 

to be noted that this pattern of behavior was ~ot recognized by the 

authors mentioned above . 

iii. Diffusion kinetics. 

We assume that the active dissolution of copper in the current 

density range in which we are interested is charge transfer controlled. As 

shown by Eq. (1), the diffusion layer is built up corresponding to the 

applied current density, time, diffusivity and transference number of 

a species participating in the process. 

' 8 According to Laforgue-Kantzer, copper diss()lves in concentrated 

phosphoric acid along the following over-all reaction scheme** 

* ' 
Experiments under the conditions of constant cell voltage (see IV-B). 

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

this research experimentally as follows: Cu = cu++ + 2e-. 
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(I) 

Krichmar and Galushko,9 on the other hand, claim that the copper dis-

solution reaction may be described by* 

(II) 

Thus, two possible extreme cases which cause the first cell voltage 

jump under conditions of negligible cathode polarization are: 

a) anode potential jump due to the strong depletion of one of the 

reactants, th~t is, H
3

Po4 or H2o in case I and H
3
Po4 in case 

II, and 

b) · anode potential Jump due to the solubility limit of one of the 

reaction products (copper phosphate**) followed by the formation· 

of a highly resistive film on the anode. 

In .the former case .(Fig. 4.9A), the concentration of a reactant C 
r 

at the anode surface decreases with time and reaches C + 0 at t = t ., 
r s 

when the strong depletion oi' the reactant begins to cause.considerable 

potential increase with time due to concentration polarization. The 

diffusion layer of the reaction product may be built up on the same way 

but with concentration gradients different from those of the reactant. 

At t = t ·~ the concentration of. the reaction product is below its solu
s 

bility limit. In the latter case the concentration of the reactant at 

the anode surface doesn't reach c + 0 at t = t ' but rather stays near r s · · 

* . Cqnsistent with the oyer.;..all reaction scheme of dissolution i'ound in 
this resee,rch ex;perim.entally as follows: Cu = cu++ + 2e-. 

** 
We use the terminology "copper phosphatei' to mean the dissolution 

product of cop;per in phosphoric acid~ 
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Fig. 4.9A Concentration profiles of' phosphoric acid (a 
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Copper phosphate 
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Fig. 4.9B Concentration profiles of phosphoric acid (a 
reactant) and copper phosphate (a reaction product) 
assuming that ~he first cell voltage jump is caused 
by the critical solubility of copper phosphate 
followed by the formation of a resistive anode film 
at t = 16 t .. C = C (critical solubility) at 
t = 16 t .. 1 P ps · 

J. 
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the concentration of' the reactant in the bulk of' the electrolyte as 

shown in Fig. 4.2B. 

Assuming that copper dissolution occurs with 100% current efficiency, 

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

and 

i -

In case-II 

and 

F 

'IC 
p 

------~-------D 1 - tcuOH+ r 
t + -

H 2 

'IC 
r 

i = 2F 
1-- t ++ D. · Cu p 

'IC 
p 

for copper 

phosphate 

for phosphoric 
acid 

for copper 
phosphate 

.; F D nc -'- = t + v H. r r 
f'or phosphoric acid 

(12) 

(13) 

(14) 

(15) 

i, tcu++, tH+' '1, Dp' and Dr are applied current density, transference 

++ + 
number of Cu , that of_ H , gradient, diffusivity of copper phosphate, 

. and that of phosphoric acid, respectively. Calculations of current 

density in terms of' water or H+ concentration are not convenient because 

of lack·of eXperimental data necessary for the calculations. The 

dif'f'usivity of phosphoric acid in the H
3
Po4 - H2o systems have·been 

. . . 63 
measured at 25°C by Edwards and Huf'f'man, and that of' the anodic dis-

solution prod'l:lct of' copper in phosphoric acid at 2Q°C by Krichmar, 

' 21 
et al. · 

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

11'1 

i 
I 

•I" 
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We now choose phosphoric acid as the reactant and copper phosphate 

as the reaction product in our diffusion calculations. Equation (10) 

is rewritten 

(
t )·l/2 1/2 

i ~ = F(TI) C(t ) - C(O) 
D 2 . k I s 

(10 I) 
x=O 

Provided that the first cell voltage jump is caused by the strong deple

tion of phosphoric acid at the anode surface, the term i(t /D )1; 2 · 
s r . 

shoul~ be proportional to the concentration of phosphoric acid in the 

bulk of the electrolyte, which acts as the driving force of the diffusion 

of phosphoric acid. Any correction of D due to the existence of copper 
r 

phosphate has not been niade because of no available information on the 

effect. The relation between i(t /D )112 and the concentration of 
s r 

phosphoric acid is shown in Fig,, 4.10, where the values of i(t )1
/

2 
s 

measured by Elmore, Edwards, and the present authDrs are used. Figure 

4.10 shows that i(t /D )
1

/
2 decreases as the concentration of phosphoric s r- . 

acid increases. This suggests that a strong depletion of phosphoric 

acid at the anode surface at t = t is not likely to explain the potential 
s 

jump. We now assume that the concentration of phosphoric acid at the 

anode surface is close to that in the bulk when copper dissolves in 

concentrated phosphoric acid. The transference number of hydrogen ions, 

tH+, then, will be close to unity,* and that of copper ions, t ++,will cu ,· 

be close to zero. Using Eqs. (10 1 ) and (13), or.Eqs; (10 1 ) and (15), 

we, may get for tH+:::::: 1, tCuOH+ ~ 0, and tcu++-+ 0 

*According to Chapman,1~0 the value of tH+ in 4-12 M/1 H
3

Po
4 

is in the 
range of 0. 93-1.0. \ 
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320 
If, 

Data of i (ts) 2 

v Elmore 
280 A Edwards 

0 Present work 

240 

200 

'160 

120 .. 

80 

40 

5.0 11.0 
(M/L) 

13.0 15.0 

XBL 7111-7548 

Fig. 4.10 Relation between i(t )112/o l/2 and the concentration 
f h h . 'd s r · o p osp orlc acl . 

i(t )
1

/ 2/D l/2 was calculated from i(t )112 measured s. r . s 
by ~lmore, Edwards, and present work. 

~· 

.. i· 
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In the case of the strong depletion of the acid at the anode surface, 

case (a), the values of i (t }1/ 2 may be calculated by assuming 
s 

C (t ) = 0, and are 
r s 

called i (t )1 / 2 
1 

'l'he- rati~ of:i ( t )112 
1 

.. 
· s ca c. s ca c .• 

to i(t )1 / 2 has been plotted as a function of the concentration 
s obs. 

of phosphoric acid in Fig. 4.11 (case I) and Fig. 4.12 (case II). These 

plots show that the calculated values of i(t )112 are much larger than 
s 

the observed values of i(t )1 / 2 in solutions of concentrated phosphoric 
s 

acid. This strongly supports the view that case (a), (strong depletion 

of the acid at the anode surface) is not related to the cause of the 

first cell voltage jump. 

On the other hand, if the first cell voltage jump is caused by the 

solubility limit of copper phosphate followed by the formation of a 

resistive film, i(t /D )1/ 2 should be proportional to the critical solus p 

bility* of copper phosphate, C , as predicted by Eqs. (19-23). Using ps . 

a polarographic method (cathodic deposition, the reverse process of the 

21 anodic dissolution of copper) Krichmar and his co-workers have obtained 

the diffusi vi ty of copper phosphate, which was anodically formed. This . 

suggests that the diffusion calculations in the anodic case can be 

accurately carried out using anodic current density, the concentration 

* We define the concentration of copper phosphate in the anolyte as the 
critical solubility of copper phosphate when solid copper phosphate 
deposits on the anode surface during the active dissolution of copper. 
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12.0 . ''2 
Data of i (t

8
) 

v Elmore 
6. Edwards 

10.0 0 Present work 
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XBL 7111-7550 

Fig. 4.12 Relation between [i(t8 )
112 Jcalc./[i(t8 )

112 Jobs and the 
concentration of H3P04in the case of the strong depletion of 
H3P04 at the anode surface (case II). 

[i(t )
112

] 1 was calculated by Eq. (17). s ca c. 
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difference of cupric ions between the anode sUrface and bulk, and the 

diffrisivity of copper phosphate obtained by Krichmar, et al. Values 

of diffusivities of copper phosphate, D , adapted for the present cal-
. po 

culations neglect the possible effect* of concentration of copper phosphate 

(i.e. it is assumed that the concentration level of this species in con-

·centrated H
3
Po4 is low). The critical solubilities of copper phosphate 

measured at 20°C in terms of Cu++ by Hickling and Higgins12 are used 

here. No attempt is made for the correction of the diffusivities and 

critical solubilities of copper phosphate due to the small difference 
' . 

in temperature (20°- 25°C) chosen by investigators, for there is no 

available information on temperature effects. The relation between 

i(t/Dp
0

)
1

/
2 

and the criti~al solubility of copper phosphate is shown in 

Fig. 4.13. The value of i(t /D )1 / 2 increases with the increase of the · s po 

critica~ solubility .of copper phosphate, and is approximately proportional 

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

is limited to the concentration range of 2.4 x 10-3 to 1.3 x 10-3 M/cm3 ): 

i (~)
112 

00 c · D ps 
po 

(18) 

Although some authors12 ' 16 have discussed the significance of copper 

phosphate fro111 a qualitative point of view, the direct proportionality 

of i(t/Dp
0

l1 / 2 to the critical solubility of copper phosphate has not 

been so far recognized. The following steps ih reasoning show how this 

linear dependence can logically be expected: Combination of Eq. (10 1 ), 

and Eq. (12) or Eq. 14 yields 

* Appendix II-A-3. 
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Fig. 4.13 Relation between i(t )1 / 2/D l/2 and the critical 
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solubility of copper phosphate. 
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i(::)l/2 = 
F~Till/2 

(c<ts} - c(o)) l - t . + CuOli x=O 

or (t ) 1/2 1/2 
(c(ts) - c(o)) . 

. ~ -· F(7r) 
~ D - l - t ++ 

p Cu x=O 

Under the present experimental conditions 

and therefore 

or 

C(t ) = C · s ps 

C(O) = 0 

F(7T )l/2 G 

l - t,Cu++ ps 

Case I (19) 

case II (20) 

Case I (21) 

Case II (22) 

Assuming tCuOH+ ~ 0 and t Cu++ ~ 0, we obtain the following simplified 

relation: 

(

t )l/2 
. i ...§... = F (7T ) l/ 2 C 

D . ps 
p 

(23) 

for both cases I and II. In addition to the verification of the relation 

i(t /D )1/ 2 
oo C 

s po ps 

it remains to be tested whether the proportionality constant is in good 

agreement with the·constant theoretically obtained. ·It is to be noted 

that this kind of test, in which experimental values of i(t )112 are 
s 

compared with theoretical results, has not been performed in previous 

work on the diffusion kinetics in copper dissolution in concentrated 

·~ 

! 

i 
,.;, I~ 

:..,-J 
I 
I 

! 
' 
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phos_phoric acid. For the purpose of thi.s test, the experimental values 

1/2 c_· )1/2 of i(_t l are plotted against i t in which s s calc.p.' 

i(t 1112 = - s calc.p. 
F(rr D )1 / 2 C 

po ps 
(23 I) 

The result is shown in Fig. 4.14. Figure 4.14 shows that the calculated 

values of i(t )1/ 2 are over a wide range in fairly good agreement with s 

the measured values of i(t )1 / 2 . 
s 

. -
The ratio of i(t )1 / 2 calculated to 

s 

i(t )1 / 2 measured is about 
s 

1.1 (the slope of the line of i(t )112 measured 
s 

vs. i(t )112 calculated in 
s 

Fig. 4 .14). This gives strong support to the 

view that the first cell voltage jump is caused by the solubility limit 

of copper phosphate followed by the formation of a resistive film. 65 

If the first cell voltage jump is really caused by the critical 

solubility of copper phosphate, the concentrations of phosphoric acid 

at the anode surface at t = t C · , are higher than zero concentration. s' rs 

Values of G have been calculated by using Eq. ( 16) or ( 17) , and compared rs 

to those obtained by chemical artalysis*9 in Figs. 4.1$ (case I) and 4.16 

(case II). It is shown that the calculated C values are in fairly good rs 

agreement with the concentrations of free phosphoric acid in the anolyte, 

almost saturated with copper phosphate, obtained by the chemical analysis. 

The concentration of free phosphoric acid at the interface increases with the 

increase of the concentration of phosphoric acid in the bulk of the electro-

lyte when the concentration of the latter is higher than 2-4M/liter. 

* The following assumptions are made: 

and 

total concentration of 
phosphoric acid 

free phosphoric acid concentration + 
concentration of phosphoric acid 
combined with cu++ 

[
total concentration] . ~ [ total concentration] 
of phosphoric acid x=o of phosphoric acid x=oo 
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4.14 Relation between i(t )l/2 and i(t )l/2 in 
._ . . . s . . calc ~p s I obs 

the case ~f the r:eac~ion product control. ~( ts )1 2calc .p, was 
calculated by Eq. (23'). The slope of the i(t- ):L/2 b vs. 
i(t )l/2 .

1 
line is about 1.1. s 0 s s ca c.p ·· · 
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Fig. 4.15 Concentration of phosphoric acid at the anode surface 
(case I) as the f:unction of the concentration of phosphoric 
acid in the bulk of the bath. C · was calculated by Eq. ( 9) 

I rs · 
using measured i (t )1 2 and is shown by line l. C was also 

s _ . 
7 9

rs 
obtained from Krichmar's chemical analysis data " and is 
shown by line 2. 
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Fig. 4.16 Concentration of phosphoric acid at the anode surface 
(case II). · Crs was calculated by Eq. (10) using measured 
i(ts)l/2 and is shown by line l. CJ::s was also obtained fron; 
Krichmar's chemical analysis data7,~ and is shown by line 2. 

·( 

'·) 
' 
! 
' 



(J ' ;J u ./ 6 ~._5 
'·) u ·. j / "'·, .. ; .... ~J (:.> 

-69-

The concentration ratio of lCu++J/IPo~J* in the solution layer 

near the anode surface Cor in an anolyte separated by a porous membrane 

from acatholyte) is in the range of 0.5 to 1.0 according to some 

'6 9 66 authors, ' ' depending on the anode potential, the· concentration of 

phosphoric acid in the bulk of the electrolyte, the concentration of 

anodically formed copper phosphate, and the time required for dissolution. 

++ -
This suggests that. the. observed ratio of [ Cu ] to [ P04] may be inter-

preted as the result of the simultaneous occurance of the reactions of 

cases I and II, or as the consecutive. reaction of case I, the first 

step, and case II, the second step. The concentration of phosphoric acid 

at the anode surface, .when solid copper phosphate deposits on the anode 

from the anolyte, is probably. in the shaded region as shown in Fig. 4.17. · 

The upper limit of the shaded region corresponds to C in case I and rs 

the lower limit of the region to C in case II. Under these conditions 
rs 

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

tCuOH+ + O ' 

and 

are reasonable. 

The result obtained above conclusively supports the view that the 

first cell voltage jump is caused by the critical solubility of copper 

phosphate. The composition of the anolyte saturated with copper phosphate 

* The bracket 1 J repre~ents the concentra,tion obtained by chemical analysis. 
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Fig. 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 rs 
C estimated from Krichmar 1 s chemical analysis data in rs 
case II. 
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will be discussed in later chapters. This will give same additional 

information on the diffusion kinetics . 

B. Solution-Side Transport Under Potentiostatic Conditions 

Historically speaking, the signifi~ance of the solubility limit of 

the dissolved copper was first demonstrated by Elmore, who conducted 

dissolubion experiments under conditions of constant cell voltage. Elmore 

assumed that the concentration of the dissolved copper reaches a maximum 

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

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

the drop of the current in the constant cell voltage experiments. To 

make the significance of the current drop more clear and to make possible 

a comparative study* of i(t )l/2 obtained under the conditions of con-
s 

stant current (Edwards, and the present author) and i(t 1 )
112 obtained s . 

under the condition of constant cell voltage (Elmore), copper dissolution 

experiments have been conducted in which the voltage difference between 

the anode and a reference electrode was maintained constant. The effect 

of the cathode polarization on the c~rent through the cell could be 

completely neglected under these conditions. Another purpose of these 

experiments was to establish the relation between i (t 1 )
1 / 2 and i in a . p s p 

much wider range of current density than in the galvanostatic experiments 

reported in Section IV-A. 

1. Experimental Apparatus and Procedure 

The experimental cell was the same as that employed in the galvan-

ostatic experiments (Fi;g. 4.1L Both the anode disk and th.e cylindrical 

cathode are po~cryetalline cop;per of a purity of 99.9% except oth.erwise 

* See the preceeding section, D!-A. 
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specifi~d. The methods of preparing desired concentrations of phosphoric 

acid, those of pretreatment of the anode specimen before each experiment, 

and temperature were t~e same as in the galvanostatic experiments. 

A potentiostat (Anotrol Model 4100) supplied constant voltage across 

the anode and a reference electrode, which was a copper wire and was ~;Jet 

in a capillary tube (Fig. 4~18B). The outside and inside diameters of 

the tip of the capillary were 0.06 em and 0.03 em respectively. The 

length of the tip was about 1.2 em. The electrolyte in the capillary 

was the same as the one in the cell. The distance between the anode sur-

face and the tip of the capillary was adjusted in such a way that the 

anode potential was not controlled by concentration polarization at the 

anode, but predominantly by the resistance between the anode and the ref-

erence electrode (the ohmic potential drop across the anode and the ref-

erence electrode is very high when the anode current density is high). 

Current through the cell was recorded by an oscilloscope (Tektronix Model 

531) as. a potential drop acros~ a known resistor connected in series 

with the cell as shown in Fig. 4.18A. 

Anodic dissolution was qarried out in stagnant solutions. Microscopic 

observations of the anode surfaces were made during anodic dissolution 

(10-4 5 x) , and after washing and drying ( 50-:200 x) • 

2. · Experimental Results 

i. Ohmic potential drop. · 

When a constant voltage is applied across the anode and the 

(identical} reference electrode, the applied voltage consists of the 

anode potential, the ohmic potential drop across the anode and the 

capillary tip connecting to the reference electrode, and the potential 

) 

·,1 

<. . 
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Potentiostat 

.---"""i4C 

R 

A 
Res.· 
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Fig. 4.18A Schematic of the potentiostatic experiments A: ammeter, 
C: cell, Res: known resistor ( 2--5n). · 

Ref.· 

0.5 em 

N 
.....: 

pL .. 
.1.. 
T 
N 

0 

XBL 7111-7556 

Fig. 4 .lS·B Measurement of the ohmic potential drop across the 
reference electrode in a luggin capillary, Ref., and an 
auxiliary wire electrode, Aux:, in an insulator pipe P .. 
Capillary tip O.D. 0.06 em 

I.D. 0.03 em 
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of the reference electrode. Because negligible current passes through 

the reference electrode, the potential of the reference electrode is 
i 

I 

constant: 

IJ.V ~ ll + IJ.V a · o (24) 

in which /).V , n, and /J.V are the applied voltage, the overpotential of a o 

the anode, and the ohmic potential drop between the anode and the tip 

of the capillary, respectively. 

The ohmic drop was measured by a Keithley Instruments 601 Electrometer 

between the· r.eference electrode and an isolated copper wire, w)1ich was 

located behind a capillary hole in the anode (see Fig. 4.18B). The ohmic 

drop was .also estimated by 

[},V ~ i b 0 
o.calc . (25) 

. in which /J.V 1 , i, b, and 0 are the value of the calculated ohmic drop, o.ca c 

the current density, the distance between the anode surface and the tip 

of the capillary, and the specific resistivity of the electrolyte in the 

cell, respectively. Comparison of the measured and calculated dependence 

of the ohmic potential drop on applied voltage is shown i~ Fig. 4.19. The 

effect is significant even when b is small. The applied voltage is 

1.30 ± 0.03 V and the electrolyte in the cell 10.0
5 

M/liter H
3

Po4. 

Figure.4.19 indicates that the calculated ohmic drop is in fairly good 

agreement with the measured value. The ohmic drop increase.s rapidly 

with the increase of the distance b when b is small, and becomes the 

major factor of controlling current through the cell for b > 0.4 em, in 

·which the current plateau is observed before the timet' (see the following 
s 

section. 

•.;: • l .. 
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Fig. 4.19 Relation of the ohmic potential 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 0) are voltage across the reference 
and the auxiliary electrode. 
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ii. Current ch~e with time. 

A few examples of current-vs.-time curves obtained under conditions 

when the ohmic potential drop was controlling are shown in Fig. 4. 20A 

and B for polycrystalline copper. Nearly constant current is maintained 

until the time t 1 , when the current begins to drop sharply. In Fig. 4. 20A, s . 

the initial rise time, the time/required for attaining a constant value 

of current (the ·value of current at the current plateau) , is of the order 

of 0.1 sec, and much .shorter than t 1 = 3.4 sec, which is interpreted as . . . . s 

the onset time of the drop of current. This suggests that the anodic 

dissolution before the timet' proceed approximately at constant current 
s 

density, except during the initial rise time. Accordingly, there is little 

doubt that calculations of diffusion made in galvanostatic experiments 

are applicable for the anodic dissolution process in our present concern, 

provided that the time t 1 corresponds to the onset time of the first cell 
s 

voltage jump under galvanostatic conditions, t . 
s 

Current oscillation is observed in the range of current density 

2 smal;er than 0.7-1.0 A/em (the value of the plateau current density) after 

current decreases considerably. It is to be noted that the maximum current 

densities during stable oscillations reach the values very close to the 

current densities at the plateau before the time t~ as shown in Figs. 

4.20A and B •. Cur~ent decrease with time before t' becomes remarkable as 
s 

b approaches zero, suggesting the anode process€s including the charge 

transfer at the anode to have a pronounced effect on the current through 

the cell as b-+0, 

. \ 

, ...... . 

. i. 
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4.20A An oscillogram at·the plateau current d~nsity 
0.196 A/cm2, b = 0.83 em, for polycrystalline copper. 
Initial rising time ~0.13 sec. point A': onset of the 
decreas.es of anode potential . 
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Fig. 4.20B An oscillogram at the plateau current density 
0.212 A/cm2, b = 0.68 em, for polycrystalline 
copper. 
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As explained in the preceding section, the current vs. time 'curves 

before the time t 1 in these experiments may be roughly considered as con
s 

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

i(t )1 / 2 ·in galvanostatic 
s experiments 

- ·_ i (t•)1 / 2 in these 
p s experiments 

in which i is the current density at the current plateau before tl!e 
p 

(26) 

time t 1 • It is shown in Fig. 4.21 that i (t 1 )
1 / 2 is, almost independent 

s p s 

o.f current density at the plateau i in a wide range of i and has the 
p p 

value of 0.36 in 10.0
5 

M H
3
Po4 in the case of polycrystalline copper, 

and in the case of a (111) single crystal face (purity 99.999%) as weli. 

The value o.f i (t•?/2 = 0.36 obtained in these experiments is in 
p s 

good agreement with the value of i(t )1 / 2 = 0.36, obtained by the author s . 

in 10.0
5 

M H
3
Po4 (see Chapter IV-A). This fact strongly supports the 

view that Eq. 26 is applicable. i (ti)1 / 2 slightly decreases as i 
p s p 

increases. 

3. Discussion 

The .fact that there is almost no difference in i (t 1 )
1 / 2 between poly

p s 

crystalline copper and (111) single crystal copper sUggests that the dis-

solution rate is predominantly determined by the diffusion process on 

the solution side, unaffected by differences in the crystallographic 

structure o.f copper. 

Microscopic observations of the surfaces of the anode specimens 

after anodic dissolution show that the surface state depends on the values 

of i . The surfaces are etcqed at very low current densities as discussed 
p 

.j$., 

[., 
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in·Section IV-A. At current densities around 0.3 A/cm2 , the surfaces 

are often very bright and show no pitting. At higher current densities, 

the surfaces are covered with solid films which vary from very light 

(transparent ?} to deep brown colors. 

The values of n obtained by n ~ ~V 
a 

/1V exceed 0.2-0.3 V at the 
0 

high current densities where the constancy of i (t')1 / 2 still holds. 
p s 

As discussed in-later chapters, values of n in the order o~ 0.2-0.3 V are 

large enough to make the formation. of Cu
2
o and CuO at the anode possible. 

The occurrence of current oscillations after considerable decrease 

of current density, as well as the constancy of i (t 1 )
1 / 2 at fairly high p s . 

values of n, ·suggest that the processes of the formation o·f copper oxides 

follow the formation of the solid copper phosphate deposits~ Alternately, 

copper dissolution could perhaps proceed through a very thick porous solid 

fi~ which would have negligible effect on the values of i (t 1 )
1 / 2 . 

. p s 

C. Solution Side Transport at PeakCurrent Densities 

In the active dissolution of copper in the range of current densities 

of concern to us, under given hydrodynamic conditions anodic current den-

sities increase with the increase of anode potential. The concentration 

of copper phosphate at the anode surface depends on charge transfer and 

' diffusion control. In other words, the concentration at the anode sur-

face depends on the relation between anode current density and anode 

potential, as well as on the concentration overpotential due to copper 

phosphate and phosphoric acid. The concentration of copper phosphate, 

therefore, increases with the increase 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 ab"ove the diffusion current 

(limiting current} will cause a consecutive electrode process to occur. 

Thus,. in the steady state we have the relation 

iex. = (idiff. + iox. + ic.p.Hl- e) (27) 

in which i , id.;ff., i , i , and e are applied current density, ex. ... ox. c.p. 

diffusion current density (under the conditions that the concentration 

of copper phosphate at the anode surface corresponds to the critical 

soluqility), current density used for the formation of copp~r oxides, 

current density used for the formation of solid copper phosphate, and 

coverage of the surface by solid films respectively. In Eq. (27) current 

is assumed to flow only through portions in the anode surface not covered 

with solid films. The diffusion current idiff. doesn't depend on any 

further increase of the anode potential, for the critical solubility and 

diffusivity of copper phosphate are considered to be independent of anode 

potential. 

As the a:flplied current density is increased, the process of coverage 

of the anode surface by the solid.deposits proceeds rapidly with the 

increase of anode potential. Therefore, it is to be expected that a peak 

current appears at the low potential end of the current plateau in the 

anode polarization curve. Consequently, it is very likely that the peak 

current densities can be calculated by conventional mass transfer cor-

relations, provided that the solid deposits (copper phosphate) contact 

with the anode so loosely that the mass transfer rates are little affected 

by the dep6sits on the anode. 

* Any relation in which anodic current density increases rapidly with 
increase of anode potential. 
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In previous work of electropolishing, the peak current density has 

not been subjected to quantitative interpretation. 

1. Confirmation of the Existence of Peak Current Densities 

Anodic polarization curves of copperin phosphoric acid have been 

obtained under potentiostatic conditions by Hoar and Rothwell, 3 Lorking, 25 

and others. 

The reciprocal of scan velocity in the increase of anode potential 

can be defined in dimensionless form as follows: 67 

~ = D/(o)
2 

d¢/dt 
(28) 

in which ~, D, o, t, and¢ are reciprocal of scan velocity in dimensionless 

form, diffusivity, equivalent diffusion film thickness, time, and dimen-

sionless potential, respectively. The dimensionless potential is defined 

as 

4> = n 
(RT/nF) 

(29) 

in which n is overvoltage. when the value of ~ is equal to ,unity or 

larger, the scan velocity has very little effect on the limiting current 

observed. 67 

3 The values of ~ in the experiments conducted by Hoar and Rothwell, 

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

estimate. This suggests that the scan velocities chosen by them are low 

enough to eliminate any effect on limiting current. 

Some of the anode polarization curves obtained by Hoar and Rothwell 

are shovn in Fig. 4.22A and B. Fig. 4.22 shows that when the flow rates 

are low, peak current densities are distinctly observed at the low 

,,p· . 
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·A Denotes start of 
good polishing 

No Flow 
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Fig. 4.22A Detailed polarization curves. 6 M a-phosphoric 
acid. Centre-line flow rate: 0-12 ·em/sec. l8°±1°C. 
(After Hoar and Rothwell3.) 
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-Fig. 4.22B Detailed polarization curves. 6 M a-phosphoric 
acid. Centre-line flow rate: 10-30 em/sec. 
l8°±1°C .. (After Hoar and Rothwell3.) 
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potential end of the current plateaus .• At high flow rates peak current . 

densities do not always appear at the potential end, partly because the 

accurate polarization curves may be difficult to obtain.at high current 

densities 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 transfer problems in anodic 

dissolution can be'dealt with essentially in the same manner as those 

in the case of cathodic deposition of metals. 

In laminar forced convection, the correlation68 •69 

Nu = 1. 85 (Re Sc 8:.) 113 
L 

(30) 

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 i,s kept constant over a whole surface of the electrode. In Eq. 

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

number, equivalent duct diameter, and electrode length, respectively .. 

For electrode configuration in a horizontal rectangular channel 

such as the one used by Hoar and Rothwell,* the limiting current is 

difficult to estimate. However, the proportionality 

(31) 

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

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

r· 

across the anode not only in the direction of flow, but also in a direction 
normal (90°) to it. 
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the duct.) For given phosphoric acid concentration, we have 

(32) 

It is shown in Fig. 4.23 that the peak current densities ipk' which were 

obtained in 6 M H
3
Po4, are roughly proportional to the,values of v113 . 

Proportionality of ipk to v113 also has been found for ipk in 8 M and 

10 M H}'o4. This fact suggests that the peak cilrrent densities are greatly 

affected by the hydrodynamic conditions near the anode surface. 

If the peak current densities are caused by the strong depletion of 

phosphoric acid, the values of i k/D 2/ 3 v113 should be proportional to p ,_r 

the concentration of phosphoric acid in the bulk of the electrolyte, which 

'act as the driving force of' the mass transfer. As mentioned in Chapter 

III, the viscosity of the electrolyte supersaturated with copper phosphate 

at the anode surface is a few times ,higher than that of the bulk of' the 

electrolyte. This should cause lowering of the diffusivity of phosphoric 

acid in the diffusion layer. Since there is no available information 

on the effect of concentration on the dif'fusivity of phosphoric acid, 

two extreme cases will be considered here. First, the effective dif- · 

fusivity of phosphoric acid in the diffusion layer is assumed to be equal 

to the diffusivity of phosphoric acid in the bulk electrolyte, Drb' In 

the other case, the effective diffusivity D is defined by 
rm 

Drm = (l/ 2 ) (Drb + Drs) (33) 

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

2/3 '1/3 
Figure 4.24 shows that i k/D b V .decreases as the concentration of 

. p r 

phosphoric acid, C b' increases. Consistent with the results obtained . r 
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Belation between the peak current densities and vl/3 
f?:r' a horizontal copper anode facing upward in 6 M/1 
H 3P04, 18C.c. Data of ipk and V :were taken from Hoar 
and Rothwell's experii:nents.3 
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::<'ig. 4. 24 Relation between ip/Drb213 v113 and the concentration 

of phosphoric acid. Data from Hoar and Rothwell.3 
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from the author's galvanostatic experiments (Chapter IV-A), this be-

havior indicates that ipk can't result from strong depletion of phosphoric 

acid at the anode surface. 

If the values of ipk' on the other hand, are caused by the attainment 

of the critical solubility of copper phosphate followed by the coverage 

of the anode surface by the solid deposits (copper phosphate) (as discussed 

in Chapter IV-A), the values of i k/V1 / 3 should be proportional* to 
p 

D 
2

/ 3 (c - Cpb), in which C , C band D are respectively the critical pm ps ps p pm 

solubility of copper phosphate, the concentration of copper phosphate in 

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

phosphate defined as 

D = (l/2) (D + Db) pm ps p 
( 33 I) 

Figure 4.25 shows that the values of i ;v113 are approximately proporpk 
2/3' 

tional to the values of D (C - Cpb): pm' ps 
\ 

i . 
~ oo D 2/ 3(c - C ) 
vl/3 pm ps pb 

(34) 

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

control. 

D. Concluding Remarks 

In view of the importance of mass transport 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 

* . . Because of a narrow range of the critical solubility of copper phosphate 
in the concentration range of' ~ .M H3P04 ~o .10 M H3P04, prop~rtiona~lly. of 
i p:tJvl/3 to Dpm2/3( cps - Cpb) ~s tested ~nstead of that of ~pk/Dpm"- 3 yl/3 
to ( C · - C b). 

ps P 

\. 
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been subjected to critical analysis be~ore the present work. 

The rate of the active dissolution o~ copper in stagnant phosphoric 

acid solutions or in ~orced or natural convection is controlled by dif-

fusion on the solution side when the current density is of the order of 

2 ~ 
0.03 A/em or larger. No peculiar behavior has been found on the diffusion 

of phosphoric acid to the anode or that of copper phosphate away ~rom the 

anode. Theoretical equations of mass transfer are undoubtedly applicable 

~or 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 phosphc>ric 

acid at the anode surface, on the other hand, decreases with charge passed. 

However, the acid concentration is still quite appreciable 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 

o~ the anode surface by solid films. 

In~ormation on the concentration of copper phosphate and phosph01·ic 

acid at the anode sur~ace obtained from the mass transfer study is esf.ential 

for the calculation of the activity of cupric ions and pH of the electrolyte 

supersaturated with copper phosphate. The estimation of these properi.ies 

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 of copp·er phosphate reaches the critical 

solubility, the viscous layer at the anode surface contains: 

The exact nature of the copper phosphate solutions formed in copper 

dissolution in phosphoric acid has not been described as yet. Important 

properties of the electrolyte to be estimated are the concentration and 

activity of copper ions, the concentration of free phosphoric acid, and 

the pH of the electrolyte. 

Hickling and Higgins12 determined by chemical analysis the concen-

tration of copper ions when solid copper phosphate deposits from the 

anolyte during the anodic dissolution of copper. These authors reported 

the total concentration of copper ions. This concentration is denoted 

henceforth as "analytical concentration." According to Batashev and 

Nikitin's chem:lcal analysis,66 the ratio of the concentration of cuprous 

. . . [ +]/'[ ++] . 1 1ons to that of cupr1c 1ons, Cu .· Cu , 1s too small even to al ow 

an estimation of its order of magnitude. This finding is consistent with 

the fact that the experimental apparent valence of the dissolved copper 

is approximately two. 

Figure.5.1 shows the analytical concentration of cupric ions and of 

free phosphoric acid in the solution at the critical solubility of copper 

phosphate as a function of concentration of phosphoric acid in the bulk 

electrolyte. The upper limit of the concentration of f'ree phosphoric 

acid for lH
3

Po4Jb > 5M/liter corresponds to the concentration of the 

free acid when copper dissolution proceeds according to (~ase I): 

- fi 
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Fig. 5.1 Concentration of phospi:!-oric acid Crs and of copper phosphate . 

Cps at the anode surface. Curve 1; Crsxlo3 from chemical analysisJ,9 
Crs' shown as the shaded portion, has been predicted in this work. 
(in unsteady state experiments), Cps from chemical analysis _12 
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. . . + - + 
Cu + H

3
Po4 + H20 = [CuOH] [H

2
Po4J + 2H + 2e (A) 

On the other hand, the lower limit of the free phosphoric acid concen-

tration for IH
3

Po4Jb > 5 M/liter corresponds to the concentration of the 
/ 

free acid when copper dissolves forming Cu[H
2

Po4J
2 

(case II): 

(B) 

++ + 
Before the activities of Cu and H ions can be estimated it is necessary 

to determine which reaction, (A) or (B), perdominates in the active dis-

solution of copper. 

It is assumed here that hydrolysis reaction of cupric ions is at 

equilibrium: 

(c) 

70 According to Sienko and Plane, the hydrolysis constant is: 

(35) 

+ . ++ . 
Evidently, the ratio of the activity of CuOH ~ons to that of Cu ~ons, 

+ * + ( CuOH ) / (Cu ) , strongly depends on the activity of hydrogen ions (H ) . 

As shown in Section D, the pH of the supersaturated solutions is in the 

range of 1.5 to 2.0. As a res.ult 

+ (CuOH ) ~ -5 -4 
+ 3.1 X 10 ~ 10 

(Cu +) 
(36) 

This suggests that the degree of hydrolysis of cupric ions in the 

+ . supersattirated solutions is very small and that the activity of CuOH ~s 

. ++ much smaller than that of Cu . 
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Based on this result as well as on the behavior of Y± of the super-

saturated solutions, we may now assume that copper phosphate in the super-

saturated solutions exists predominantly as Cu(H2~o4 ) 2 , and that the 

concentration' of free phosphoric acid is approximately given by the lower 

limit of the possible free acid region shown in Fig. 5.1. Curve 1 (in 

the phosphoric acid concentration less than 5 M/liter) shows the concen

tration of free phosphoric acid determined by chemical analysis. 9 

B. Equilibrium'Relation 

In the estimation of the orders of magnitudes of properties of the 

solutions supersaturated with copper phosphate, it is 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 fairly strong acidity of the saturated solutions, 

only the first dissociation of phosphoric acid is considered: 

(D) 

The equilibrium constant K
1 

is given by 

( 37) 

The dissociation of copper phosphate is assUmed to occur as suggested 

Tl by Mercadie: 

* 

(E) 

The properties of the supersaturated solutions are assumed to be close to 
those of the corresponding saturated solutions. 
** 

If the rate of dissolution of copper is completely controlled by dif-
fusion, the assumption of quasi-equilibrium may be reason-able. 

,~-
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(Cu++)(H
2
Po4) 2 

(cu(H
2
Po4) 

2
) (38) 

Under these assumptions, the thermodynamic properties of the solutions 

can be calculated by solving Eqs. (37) and (38) simultaneously under the 

restriction that the electric neutrality of the solution is preserved 

(see Appendix III-1). In the supersaturated solution formed at the anode 

in concentrated phosphoric acid, as shown in Fig. 5.1, the concentrations 

of both phosphoric acid and of copper phosphate are significant. There 

is no convenient method available for estimating the thermodynamic proper-

ties in such highly concentrated solutions. In addition, it is likely 

that in supersaturated solutions the values of K
1 

and Km change with the 

composition of the electrolyte. The estimation of the thermodynamic 

properties made here is limited to the low concentration region* of 

phosphoric acid. The activity coefficient of cupric ions, Ycu++, and 

that of H2Po4, yH PO-, are assumed to be given by the Debye-Huckel 
2 4 

equation of the form: 

-logy, = 
l l/2 

1 + B1 a(ll) . 
(39) 

The activity coefficient of hydrogen ions, yH+' is assumed to be unity, 

because the values of y± in the H
3

Po4 - H
2

0 system are very close to 
. . 

unity when the co~centration of phosphoric acid is less than 4 M/lite.r 

* The concentration of phosphoric_ acid in the bulk of the electrolyte is 
less than 5 M/liter. 
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(Ref. 72), and the values of yH PO- of the Cu(H2Po4 )2 - H20 mixture are 
2 4 

not far from unity. 

C. The Degree of Dissociation of Copper Phosphate and 
Phosvhoric Acid in Saturated Solutions 

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

phosphoric acid, a1 , and that of copper phosphate, a
2

, have been calculated 

(see Appendix III-1 and 2). ,The values of the dissociation constants 

adopted here are: 

Kl = 7.52 X 10-3 at 25°C (Ref. 73) 

and 

K = 3.24 X 10 -2 
m at 25°C (Ref. 71) 

For the value of a in Eq. (39)., 8.5 A is assumed, as suggested by 

M d
. 71 erca 1e. In Fig. 5.2, the degree of dissociation of phosphoric acid, 

al' and that of copper phosphate' a2' are plotted as the function of the 

concentration of phosphoric acid in the bulk of the electrolyte. The 

degree of dissociation of copper phosphate is more than ten times larger 

than that of phosphoric acid in any given concentration of phosphoric 

acid. In'the high concentrations of phosphoric acid, only a fraction of 

copper phosphate and phosphoric acid are considered to dissociate. The 
I 

degree of dissociation of phosphoric acid in saturated solutions is leps 

These facts than one tenth of that in the binary system H
3
Po4 - H20. 

suggest that copper phosphate acts as a strong pH buffer agent. 
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Fig. 5.2 Degree of dissociation of copper phosphate, ct;2, and bf 
phosphoric acid, a1, in saturated solutions near the 
anode surface. 

a1°: d~gree of dissoci~tion of JThosphoric acid in the 
b1.nary H PO),j. - H

2
o system •. 2 . 

6 a1 degree of d1.ssoc1.ation of phosphoric acid in the 
saturated solutions (this work). 

0 8 a2 degree of dissociation of copper phosphate in the 
saturated solutions· (this work). 
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.D. The Activities of Cupric Ions and Hydrogen 
Ions (Low Acid Concentration Region) 

The activity of cupric ions, (Cu++), may be given as 

(40) 

in which mea' a2 , and Ycu++ are the initial molality of copper ;phosphate 

(analytic concentration), th~ degree of dissoci~tion of copper ;phosphate, 

and the activity coefficient of cupric ions respectively. 

The methods of calculation mentioned in Sections B and C of Chapter 

. ' . ( ++} '-v ;provide the values of Cu in the low acid concentration range. The 

++ 
relation between (Cu ) and the concentration of ;phosphoric acid in the 

bulk of the electrolyte is shown in Fig. 5.3. 
++ 

The values of (Cu ) are 

of the order of 0.1 to 0.2 M/lOOOg H
2
o in the acid concentration range 

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

concentrations aremuch smaller than the analytical concentrations of 

copper, for the v~ues of both a 2 and Ycu++ are smaller than unity. 

+ The activity of hydrogen ions, (H), is 

( 41) 

in which m
0

, a
1

, and'yH+ are the initial molality of ;phosphoric acid 

before dissociation, the degree of dissociation of ;phosphoric acid, and 

the activity coefficient of hydrogen 'ions respectively. By definition: 

+ 
;pH = -log (H ) (42) 

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

measured by Batashev and Niki tin 66 in Fig', 5. 4: The calculated ;pH values 

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

slightly as the concentration of;phos;phoric acid increases, suggesting 

'!' ,, 

., . . 
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that the saturated solutions have a strong buf'fer action. The pH of the 

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

pH of the .binary mixture H
3
Po4- H

2
0. 

The fact that the pH of the saturated solutions is low* permits the 

simplifyingassumption that only the first dissociation of phosphoric 

acid need be considered. 

E. The Activit of Cu ric Ions 
_High Acid Concentration Region) 

Copper can be electropolished under suitable operational conditions 

when the concentration of phosphoric acid in the bulk· of the electrolyte 

is high.** If, as mentioned in Chapter III, electropolishing of copper 

on the microscopic scale is closely related to copper oxides formed at 

the anode, it is likely that the activity of cupric ions in the super-

saturated solutions plays an important role in the stabilit~ of the copper 

oxides. The activity of cupric ions in the supersaturated solutions, .· 

however, is difficult to esyimate. Nevertheless, a speculative calcu-

lation appears to be worth while to undertake. 

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

equation is applicable in the high concentration region.of phosphoric 

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

activity coefficient of H2Po4 ions, YH
2
Po4, (see Appendix III): 

(43) 

* The degree of dissociation of H2P04 at pH= 2 is much .smaller than unity. 
** 

In ordinary operation of electropolishing, the cencentration of phos-
phoric acid is higher than 5 M/liter: 
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According to Robinson and Stokes,74 the mean activity coefficient 

of the ternary mixture of A-B.-C, y ±, t, is generally between the mean 

activit~ coefficient of the binary A-C system, y+ . and that of the 
-,ac 

binary B-C system, y+b : 
-C 

y ,;;;;; y ,;;;;; y 
±,ac ±,t ±,be 

(44) 

in which C is the solvent in the mixture. Equation (44) suggests that 

the mean activity coefficient of the ternary Hlo4 - Cu(H2Po4 )
2 

- H2o

systemis between that of the H
3

Po4 - H
2

o system and that of the 

Cu'(H
2
Po

4
)
2 

- H
2

o system. 

The activity coefficient of the binary H
3

Po
4 

- H
2

0 system has been 

calculated by Elmore, et a1. 72 using the relation 

-0.5091 ( c )112 . 
1 = ~ H - + 2 .. 20626x10- 3 p3 CH og Y±,l 1/2 -

1 + 0.3286 p (~CH) 

(45) 

in which Y±,l' aH, and CH are the mean acitivity coefficient of the binary 

mixture, the apparent degree of ionization of phosphoric acid, and the 

analytic concentration of phosphoric acid (molarity) respectively. They 

have chosen 4.25 for the value of p. The relatio~ between Y±,l and the 

concentration of phosphoric acid, obtained by Elmore, et al., is shoWn 

in Fig. 5.5. 
- I . 

. The value of Y±,l increases rapidly as the concentration 

of phosphoric acid increases, when the concentration is larger than 

5 M/liter. On the other hand, the mean activity coefficient of the 

binary Cu(H
2
Po4_) 

2 
- H

2
o mixture decreases as the ionic strength of the 

mixture increases,·provided that Eq. (39) holds for t~is binary mixture. 

We.now assume that the mean activity coefficient of' the ternary 

.. 
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H3Po4 - Cu(H2Po412 .- H2o mixture is smaller than that bf the binary 

H3Po4 - H20 mixture, y+ H PO -H 0 . Then, the possible upper limit of the 
; ++ - , 3 4 2 ++ ' 

value of (Cu ). in any given concentration of phosphoric acid, (Cu ) 
1 u. •. 

may be given as 

.. ++ 
(Cu )u.l. 

in which the relation Y - Y valid for the binary H2Po4 = ±,H Po
4

-H 0' 
. 3 2 

H
3
Po4 - H

2
o mixture is assumed. 

The value of aCu++ is assumed to be 0.15. For the value of 

Y+ H PO -H 0 , we choose the mean activity coefficient of the qinary 
_, 3 4, 2 

H
3
Po4 - H20 mixture, whose acid concentration is equal to the free 

acid concentration in-the supersaturated solution. In Fig. 5.6, 
++ . 

(Cu )u.l.is plotted as the function of the concentration of phos-

.( 46) 

phoric acid in the bulk of the electrolyte: the possible upper limit 

of the activity of cupric ions in very high acid concentration is many 

t1mes larger than the activity of cupric ions calculated in the low acid 

concentration region (see the preceding section). 
++ 

The value of (Cu )u.l. 

·increases rapidly with ~ncrease of ·acid concentration. 

The order of magnitude of the activity of cupric ions can be estimated 

"'·\o 

from the rest potential of a copper electrode dipped in the supersaturated • .. 

solutions under the following conditions: 

i) The rest potential of a copper electrode is close to the 

equilibrium potential of the following anode reaction (see x 

Chapter VI) • 

+ cu-cu .+ e (F) 
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Fig. 5.6 Upper limit of the activity of cupric ions (this work). 



-106-

Then, we have at 25°C 

Eh = 0.520 + 0.0591 log (Cu+) (Ref'. 75) (47) 

ii} .Among Cu , Cu+, and Cu++, there exists the following chemical 

equilibrium 

Cu++ + Cu = 2 Cu+ (G) 

The equilibrium constant K recently obt'a.ined by Tindall and 
c 

' 76 
Bruckenstein is 

(48) 

++ 
The activity of cupric ions, ( Cu ) , can be estimated by the com-

bination of Eqs.. ( 4 7) and .( 48). According to Dmi triev, 26 the rest 

potential of cold-rolled or annealed copper specimens dipped in the 

saturated solutibns anodically prepared from phosphoric acid (sp.g. 1.57) 

' ++ 
is in the range 0.335- 0.340 V. This gives. (Cu ) = 0.98- 1.4 M/1000 

+ ++ ' -4 
g H

2
o. Thus, we obtain (Cu )/(Cu ) = (6.3- 7.5) x 10 . This activity 

ratio is in harmony with the measured analytical concentration ratio
66 

+ ++ 
of Cu to Cu Obviously, the values of the activities of cupric ions 

obtained from the rest potential are several times larger than those 

expected from the equilibrium calculations (Chapter V-D). 

It is suggested from the comparison of the possible upper limit of 

(Cu++) and the value of (Cu++) calculated from the rest potential that 

unusually high values of 

cause the considerable increase of the activity of cupric ions in the 

ternary H
3
Po

4 
- Cu(H

2
Po4}

2 
- H

2
o mixture. The extremely high values of 

the activity of cupric ions probably render the copper oxides formed 

,, 

.. 

.. 
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at the anode more stable in the supersaturated solutions than expected 

from elementary considerations • 

F. · Concludine; Remarks 

The composition of the viscous layer ~ay be represented by the ternary 

H
3
Po4 - Cu(H

2
Po4}2 - H20 .mixture (except in very concentrated phosphoric 

acid solutions). This agrees with Krichmar 1s view,9 proposed after an 

experimental study of the concentration ratio of Cu to P in the viscous 

layer. 

The physico-chemical nature of the viscous layer could be better 

understood if the thermodynamic properties of ternary mixtures of an acid, 

a salt, and water as the solvent were generally well known or could be 

accurately estimated from the properties of the acid - H2o system and 

the salt - H2o system. While i.t is recognized that the estimation of ther

modyn~ic properties for th~ ternary solution involved a number of approx-

imations ,-it is significant that the calculated degree of dissociation 

of copper phosphate and of phosphoric acid, as well as the activity of 

the cupric and hydrogen ions, revealed no extraordinary behavior patterns. 

The calculated degree of dissociation of copper phosphate is ~uch larger 

than that of phosphoric acid, suggesting that the former acts as a strong 

pH buffer agent. The value of pH of the supersaturated solutions is 

around two and decreases only very slightly as the concentration of phos-

phoric acid increases. The unusually high values of the mean activity 

coefficient of the H
3
Po4 - H

2
o mixture in concentrated solutions may be 

partially responsible for the higher than expected values of the act-

ivity of cupric ions. 
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. · VI . ANODE POLARIZATION AND PROPOSED REACTION SCHEME 
IN ACTIVE DISSOLUTION OF COPPER 

' 

A survey of the literature shows that very few investigations have 

been conducted on the dissolution of copper in concentrated phosphoric 

acid in the active region, . The interest of investigators of copper 

electropolishing has been directed to the anodic behavior of copper 

occurring at the current plateau, where electropolishing is possible 

under suitable, operational condit~ons. 

It has been confirmed in this research (Chapters IV and V) that in 

the "active" region copper dissolves in the divalent state: 

++ cu-cu . + 2e- (H) 

It is to be noted, however, that the above equation represents only the 

over-all reaction scheme of copper dissolution in concentrated phosphoric 

acid. · Detailed knowledge on the dissolution kinetics of copper in the 

active dissolution region is essential for a better understanding of 

the.mechaniam of the anode reactions taking place at the current plateau. 

For ~ample, it is rather difficult to explain why cuprous oxide can be 

formed at the low potential end of the current plateau, if the dis-

solution reaction is represented by Eq. (H). Another example is fouhd 

in the study of solid films (Chapter VII) with an impedance technique .. 

I 

Without a knowledge of the overpotential behavior of copper in the active 

region, the significance of measured anode impedance cannot be understood. 

• 

. .. 

, .. 
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A. Anode Polarization 

' 

Because of the strong buffer action of copper phosphate formed at 

the anode, the pH of the supersaturated solutions doesn: 't reach a low 

value, but· stays near two (see Chapter V). This .niakes the formation of 

cuprous oxide possible at a much lower anode potential than would be 

required for the pH of the bulk phosphoric acid solutions used as electro-

polishing bath. · 

The standard electrode potential for the formation of cu
2
o according 

to the half reac~ion: 

+ 2 Cu + H 0 = Cu 0 + 2H + 2e 2 2 . (I) 

is 0.353 Vat pH= 2 (Ref. 75). The standard electrode potential of copper. 

dissolution Cu = Cu++ + 2e- is 0.337 Vat (Cu++) =land 0.308 Vat 

++} .. (Cu = 0.1 respectively. Consequently the anode potential range in 

which anodic polarization curves can be measured at pH = 2 for the study 

++. 
of the kinetics of dissolution according to Cu = Cu + 2e is only of 

the order of 100 mV or less. It is evident that the measurement of charge 

transfer overpotential ih the active dissolution region requires cor..,. 

rections for ohmic potential drop, concentration overpotential, 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. Current 

density in typical electropolishing operation is of the order of 

2 2 11 . 
0.04 A/em , which is high enough to cause a considerable ohmic drop 

across the anode and the reference electrode. Unfortunately the 

* The anode surface is assumed not to be covered with solid deposits. 

,ll 

'· 
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overpotential data reported in the literature.to date have not been 

corrected for this ohmic drop. 

3 . . . 
Hoar and Rothwell have obtained reliable polarization curves, which, " 

however, included the ohmic drop between anode and reference electrode. . .... 
They used a. disk-shaped copp~r anode of 7 mm l.n diameter :facing upward, 

and. a copper wire of 2 .nnri in diamete.t as a reference electrode. The 

anode 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 0.7-6 em. The Pt cathode, :facing downward, 

was separated by a baffle plate* from the anode compartment. In order 

to estimate the ohmic potential drop in the electrolyte between the anode 

and the reference electrode in Hoar and Rothwell.' s experiments, the 

following information is necessary: 

i) potential distribution in the region which contains the anode 

and the reference electrode 

ii} relation between average current density over the whole anode 

surface and local current density .at the central position of 

the disk anode surface 

iii} specific resistivity of the electrolyte. 

Because of the existence of an insulator baffle between the Pt cathode 

and the copper anode, the electrostatic potential field (primary distri-
.. 

bution case) can be approximated by the two-dimensional electrostatic 

field shown in Fig. 6.1. The width of the anode is 2.f and that of the 

equivalent counter electrode parallel to the anode h respectively. 

* Separation between anode and baffle plate was about 1 em. Distance 
between baffle and cathode was about 1 em. 
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F;Lg. 6.1 Equipotential curves in a rectangular cell with two 
parallel electrodes 
AA 1 : anode 
BB 1 

: equivalent counter electrode_ 
R: refe'rence electrode 

2f: width of the anode 
h: width of the counter electrode 
g: distance between the electrodes 

f 1
: distance between the center of the anode 

Cx=O, y=O) ,and an equipotential curve at y=O 
q: distance between the center of the anode and 

the_equipotential curve' at x=O 
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'-. 

The distance between-the anode and the equivalent counter electrode, g, 

roughly corresponds to the half a distance between the anode and the baffle. 

The distance between the center 9f the anode and an equipotential surface 

at x = 0 is q and the distance between the center and the equipotential 

surface at y = 0 is f'. 

The. relation between (q/f) and (f'/f) at any given equipotential sur-

face in such a two-dimensional rectangular cell is in general obtained 

by choosing (g/h) as the.other dimensionless parameter. For example, in 

the case of (g/h) = oo the relation can be obtained ifi closed form 

(curve 1 in Fig. 6.2 (Ref. 77)). The relation between (q/f) and (f'/f) 

in the three dimensional case is approximately shown by curve 1 in Fig. 

6.2 (Ref. 78) for (g/h) ,; co, 
122 Wagner presented an analytical solution 

for the current distribution along the electrode AA'. For the two 

. . 2 1/2 . 
dimensional case and when g >> f, iy=O = 2/[n(l-(x/f) ) ], and lx=O-

. y=o 
0.637. This allows calculation of the ohmic drop when g >> f. Ishizaka 

and Matsuda79 measured the equipotential surfaces in a rectangular cell 

illustrated in Fig. 6.1, using the electric trough method. The electro-

lyte used by Ishizaka, et al. was an acidic copper sulfate Solution 

(25 g of Cuso45H
2

o and 5 g of H
2
so4 were dissolved in distilled water 

and diluted to one liter). Ishizaka and Matsuda's results are shown by 

curve 2 in Fig. 6. 2 for the case (g/h) = 0. 25 - 1. 5. According to Ishizaka 

.. 

.. 

and Matsuda's experimer1tal results, the current density at the center -of - . · 

electrode AA 1 , i at x=O, is given by: 
y=O 

ix=O ~ (0.69 - 0.78) iav. 

y=O 
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q 
f 

) 

1.0 
Curve 1 : O/h = ex> 
Curve 2: g/h '= 0.25- 1.5 

0.5 

f' 
T 

XBL 7111- 7 57 3 

Fig. 6.2 Relation between q/f and f'/f in the electrostatic field. 
Curve 1: · theor~tic:lJ curve .t'or g/h = 'X>, two dirnensiona.l 

case ,·n and three dimensional case. 78 
Curve 2: measured for g/h = 0.25 - 1.5.79 
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in which, i is the average cU:r.rent density (D. C.) over the anode av. 

surface. This result, when compared to the value obtained .from Wagner's 

equation, reflects the ef.fect of charge transfer overpotential in 

Ishiza.ka, et al.'s experiments. The ohmic potential drop LW
1

between 

the anode and the reference electrode is approximately given by 

t:N1 = (~.x=O) q1a ~ (0.69- 0.78) iav. q1a 

y=O 
(49) 

in which a and q
1 

are the specific resistivity of phosphoric acid sol

utions and the distance between the central position (x = 0, y = 0) and 

a }?Osition along y axis (y = q
1

) respectively. The potential at the 

position (x =. 0 and y = q
1

) is the same* as that at the tip of the ref

erence electrode. Ishizaka and Matsuda's experimental relations between 

q/f and .f'/.f can be directly applied .for obtaining ohmic corrections of 

the polarization data presented by Hoar and Rothwell. 

The polarization curves** after the ohmic potential drop correction 

was made are shown for 6 M H3Po4 solution in Figs. 6.3 and 6.4. It is 

evident that the ohmic potential drop is quite large when the current 
, 2 

density is above 0.03 A/em . The increase of the specific resistivity 

arising from the concentration increase of copper phosphate probably 

doesn't have a noticeable effect. The total ohmic drop can increase by 

only a few percent or less if it is assumed that the specific resistivity 

2 4 
of the saturated electrolyte is of the order of 11.5 Qcm ' and the di.f-

fusion layer thickness as calculated by Eq. (31) (Chapter IV-C) is 3411 

* . 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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Anode Potential Eh 

XBL 7111-7574 

Fig. 6.3 Polarization curves of horizontal anodesfacing upward in 
6 M/l R~P04 solutions measured by Hoar and Rothwell3 and cor
rected in this work. Curve 1: . measured by Hoar . and Rathwel1. ~ 
Curve 2: corrected (corrected for ()hmi c drop) {this· work) . 
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. 2 ·. 2 
at ipk = 0.163 A/c.m and 7211 at ipk = 0.077 A/em . 

2. Concentration Overpotential Correction 

In steady-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 

solubility of copper phosphate. The attainment of the critical solubility 

is detectable by the appearance of current peaks when the rate of elec·tro-

lyte flow is low. As discussed in Chapters 1V and V, the composition 

of the electrolyte near the anode when the peak current appears (com

position of the supersaturated solutions) is quite different from that in 

the bulk of the electrolyte, For example, in a 6 M/l H
3
Po4 bath the 

electrolyte at the anode at the peak current density contains 2.4 M/l 

Cu(H2Po4)2 and 2.4 M/l H
3

Po4 (Fig. 5.1). 

Concentration overpotential* at T°C, nc' is given by 

( Cu ++) · 
nc ~ 0, 0295 ( 27~9; T) log --+-+--..:::;..S 

(Cu )b 
(50) 

++ ++ 
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 concentration overpotential at the anode surface at 

the peak current density is significant. 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 reaction overvoltage ~ is assumed to be much smaller than the 
diffusion overvoltage nd. 
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oi' overpotential,* then, may be obtained .:from the cell voltage increase 

during the gradual increase oi' the cell voltage up to the i'irst·cell 

voltage jump, provided that the cathode polarization has negligible 

e:fi'ect on the cell vbltage increase. In 10.0
5 

M/l H
3

Po4 solution, the 

gradual increase oi' the cell voltage is oi', the order oi' 4o to 50 mV. 

The concentration polarization can be. calculated by Eq. (50). The act,i vi ty 

. ++) . oi' cupric ions at the anode suri'ace, (Gu . , 1s 
. s 

++ . 
(Cu ) = me a v ++ · · s , o,s 2 ,s 1Cu ,s 

in which m · , a2 , and Yc ++ are molality oi' copper phosphate before co,s ,s u ,s . . 

dissociation at the anode suri'ace, degree of·dissociation of copper 

phosphate at the anode sur:face, and activity cbei'i'ici,ent oi' cupric ions 

' at the anode suri'ace, respectively. Sui'i'ix ~indicates a property at 

the anode suri'ace. In the same way, the activity of cupric ions in the 
·. ++ . 

bulk oi' the electrolyte, (.Cu )b, is given by: 

( ++) . 
· .Gu b = m b a2 .b· Yc ++ b 

' co, ' u ' 

in which the su:f.fix b indicates the respective property in the bulk oi' 

the electrolyte. Then we get 

(Cu++) m ~ y ++' · [ Cu++J ~ y ++ s = co,s i' Cu ,s s ,s Cu ,s = 
(Cu ++) · m a Y ++ ++ 

co,b 2, b Cu ,b [Cu Jb ~,bY Cu++ ,b b 

' . 

[cu++J in which . s and [Cu++Jb are the analytical concentration of copper 

phosphate at the anode surface and that in the bulk oi' the electrolyte 

respectively. Assuming Yc ++ = y(, ++ .b, we get the relationship 
--------------· u , s Ju , 
* The charge transfer overpotential is as.surned to change in this case only 
very slightly with concentration. See Vetter,l2l p. 340-344. 
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(Cu++) Jcu++J . a2s s R:: 
' s 

(Cu++}b I eu ++J 
b a2b 

Two extreme cases of a
2 

are considered here. 

In 6 M/l H
3

Po4 , Icu++]s = 2.4 M/1 as shown in 

First we assume a 2 = ,s 
' ++ 

Fig. 5.1, and feu ]b is 

0.02 M/1 in Hoar and Rot4well 1 s experiments. The concentration over-

potential at l8°C is 

nc R:: 0.0295 ;~~ log ~:ci2 = 59.8 mV 

In the other extreme case, (which is considered to be more likely than 

the first) the value of a2 ,s is obtained fr?m the relationship between 

a2 and phosphoric acid concentration in the supersaturated solutions 

(Fig. 5. 2) and a2,b is assumed to be unity (i.e. the concentration of 

copper phosphate in the bulk of the electrolyte is considered to be 

low enough for copper phosphate to dissociate completely). In this case, 

.we obtain 

n R:: 38 mv 
c 

It is very likely that the concentration overpotential in 6 M/1 Hl04 

solution is of the same order of magnitude as that in 10 M/1 H
3
Po4 

·, ++ 
solution when [Cu ]b is the same . Hence, we choose 40 to.50 mV as the 

range of concentration overpotentia1 in 6 M/1 H
3
Po

4 
solution. 

The charge tJ:·ai:tsfer overpotential curve after the correction :for 

concentration overpotential.as well as ohmic potential drop is shown 

in Fig. 6.5. It is interesting to notice that the Tafel relation 

describes the overpotential behavior quite well: The Tafel relation is 

given as 
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Fig. 6.5 Anode polarization curve of copper after the correction o~ anode potential due to 
the ohmic drop and the concentration overpotential. 
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i = i exp (a n F/RT) 
o a ·a 

(51) 

The slope of the Tafel line is about 40 mV per Unit increase of log i. 

i
0

, aa,* and na are exchange current density, anodic transfer coefficient_, 

and overvoltage respectively. The value of a is about 1.44.** 
a 

Assuming that the concentration overpotential is 40 to 50 mV and the 

equilibrium potential of copper in the supersaturated solutions is 0.335 

to 0.34 V, we get 0.29 to 0.30 Vas the equilibrium potential of copper 

in.6 M/1 H
3
Po4 solution which contains 0.02 M/1 of copper. Using these 

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

estimated: 
i :::::: (3 

0 

3. Effect of Solid Deposits on the Anode Potential 

As disclosed in Chapter IV-A, the formation of cuprous
1
oxide at the 

anode starts near i = 0.036 A/cm
2

. The effect of resistive cuprous oxide 

or solid copper phosphate formed at the anode s,urface on the measured 

anode potential depends onhow strongly the solids adhere to the surface 

and block the passage of current~ i.e. on the actual free surface area. 

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

potential because of: 

* 

i) increase of the resistance of the electrolyte between the anode 

and the reference electrode. 

ii) increase of current density through portions of the anode surface 

yet uncovered. 

The increase of resistance betcween two electrodes caused by partial 
'·::.·:(· 

a = 2-S ( f3: symmetry factor). 
**a· 

This value is in good agreement.lfith that observed by Mattson and 
Bockris82 for the dissolution of copper in acid sulfate solutions. 
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blocking of the anode surface has been calculated in this research 

for the two-dimensional electrostatic field as shown in Fig. 6.6. Two 

electrodes with different width are placed in parallel in a rectangular 

cell, o
1 

b
1 

c
1 

d
1

. The shorter electrode, o
1 

a
1

, corresponds to the anode 

partially covered with such a resistive film that no current passes 

through it·~ The other electrode, c
1 

d
1

, corresponds to an equipotential 

surface, which is at a distance g from the shorter electrode. Two-

dimensional electrostatic field problems such as those shown in Fig. 6.6 

can be solved,by the Schwarz-Christoffel transformation. 77 ,BO,Bl The 

calculation of the ohmic resistance between the 'shorter electrode, ·o
1 

a1 , 

and the wider, 'electrode, c
1 

d1 , is made in Appendix IV-1; The resistance 

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

R -= 
R 

0 

!!. K(X I) 
g K(X) (52) 

in which Rand R
0 

are the resistance between the electrode, o1 a1 , and 

other electrode, c1 d1 , and that between two parallel 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 integral of the first kind with modulus K, For· 

the determination of X and X', the following relations.are used: 

f - = 
h 

1 
K(K) 

g_ - K(K I) 
h - K(K) 

(53) 

(54) 

' • i 

~ ... 
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~I 
h 
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XBL 7111-7577 

Fig. 6.6 Rectangular cell with twoparallel electrodes 
(two-dimensional) . 
o

1 
a

1
: anode 

c1 d1 : equivalent counter electrode. Depth of the 
electrolyte: one unit length. 
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A 
(55) K = 

lJ 

K.' ·- v1 K2 (56) 

A' = ~1 A2 (57) 

The values o:f K and K 1 are deterniined from Eq. (54) for a given value 

of g/h. Equation (53) gives the value of ll fitting a given vlaue of 

f/h. The value of A is then given by Eq. (55) and that of A1 by Eq. (57). 

The ratio R/R is finally calculated by Eq. (52) for the given values of 
0 . 

A and A 1 • 

The relation between R/R and f/h thus obtained is shown in Fig. 6.7. 
0 

Figure 6.7 shows tha't the resistance ratio·R/R is a function of two 
0 

dimensionless para.Iileters, f/h and g/h. 

If the surface state of the anode at peak current densities in 

potentiostatic experiments roughly corresponds to that at the first cell 

voltage jump in galvanostatic experiments, the degree o:f coverage of the 

anode surface by solids is less than 0.9 at the peak current densities. 

The dimensionless ratio :f/h is approximately given by: 

f ~1 - e 
h 

in which e is the degree of coverage of the anode surface by solids. 

Then, f/h is larger than 0.1 at peak cur.rent densities. The thickness 

of the diffusion layer ori the.anode in 6 M/l H
3
Po4 solutions in Hoar 

and Rothwell's experiments is calculated to be of the order oT.34 
2 . . 2 

microns at ipk =. 0.163 A/ em . and 72 microns at 'ipk = 0. 077 A/ em . 

Assuming the order of magnitude of h at peak current densities to be less 

than ten microns for polycrystalline copper, the dimensionless parameter 

. .. 
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0.5 1.0 
f I h 

XBL 7111-7578 

Fig. 6. 7 Relation between R/R0 and f /h (calculated in this 
work) (R/R0 )g/h-*O = h/f. 
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g/h is larger than 3 for 0. 077- A/ cm2 < i < 0 .16_ 3_ A/ cm2 . As discussed 
. . - . pk 

in Chapter IV, the peak current densities in Hoar and Rothwell's exper-

iments are in good agreement with the current densities theoretically 

calculated in this research. Uncertainty involved in the transference 

number of cupric ions at the anode surface might cause an error of the 

order of 10% (with tcu++ = 0.1, the calculated i k increases by 10%). 
p -

The 

value of the dimensionless diffusion resistance R/R
0

, then, is approximately· 

l.l or less. 

It is suggested from the above arglJI!lent that at the peak current 

densities, which are :diffusion-controlled, the following relations hold: 

and 

f/h > 0.1, 

g/h > 3, 

R/R < l.l 
0 

The value of g in tlLe electrostatic field at the anode surface is much 

larger than the diffusion film thickness. This leads to 

R/R Lin the electrostatic case) ---+-1 
0 

Thus , it is very likely th.at -the solid deposits have very little effect 

on the resistance between the anode and the reference electrode, but they 

do affect the current density through portions of the anode surface still 

uncovered. For example, at f /h = 0. 5 and g/h = 10, the value of R/R
0 

is 1.04, whereas the true current density through uncovered portions 

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

the anode potential by only 10 mV at ipk 
2 = 0.1 A/em . 

. 
'!" .. 
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B. Proposed Reaction Scheme in Active Dissolut.ion of Copper 

As.discussed in the preceding section, the anode polarization of 

copper in the active region obeys a Tafel relation. The slope of the 

Tafel line obtained in this research is about 40 mV per unit change of log 

i. The slope of ~he Tafel line found in copper dissolution in 76% Hlo4 
solutions by Petit arid Schmitt48 is about 42 mV per unit change of log i 

when the anodic current density is low and the correction of the ohmic 

potential drop and concentration polarization discussed in the preceding 

section is.unimportant. 

The transfer coefficient a obtained from the slope of the Tafel 
a 

line is 1.44 in this work and 1.4 in Petit and Schmitt's experiments. 

It should be noted that the value of the transfer coeffiCient obtained 

in copper dissolution in concentrated phosphoric acid is in good agree-

ment with that obtained in copper dissolution in acidic sulfate solution. 

The transfer coefficient in the latter case has been measured by Mattsson 

82 . 
and Bockris and others. The transfer coefficient is very closely 

related to the mechanism ofmultistep reactions. 84 According to the 

mechanism proposed by ~attsson and Bockris82 and later supported by many 

83 others_, copper dissolves in acidic sulfate solutions at high over- · 

voltages as follows: 

fast 
cu~--eu+ + e 

+ slow ++· -Cu Cu + e 

(F) 

(J) 

According to Mattsson and Bockris, current density in this mechanism 

is given by: 

i = i lexp(-Bn F/RT) - exp[(2 - S) n F/RT] I 
o .a a 

(58)· 



-i28.-

. (3* • L I . . 85 in which 1s assumed to be 0. 5. Hampson and atham s recent work 

shows that copper dissolution in nitrate solutions also involves the slow 

+ ++ 
step Cu + Cu + e at high overpotentials. 

If phosphate ions have no special eff.ect on the dissolution and 

deposition mechanism of copper, it is very likely that copper dissolution 

in concentrated phosphoric acid solutions at high overvoltages may also 

be written as 

fast + 
cu~.• --... cu.+ e 

+ slow ++ 
Cu· Cu +e 

The, current density i is given approximately by the second term on the 

right hand side of Eq. (58) with S = 0.5 (a = 2-S). The anode potential 
a 

is given approximately by Eq. (47). 
I 

The concentration of copper phosphate at the anode surface increases 
\ 

with the increase l.n anode potential and finally reaches the critical 

solubility. The current density is, then, controlled by the diffusion 

rate of copper phosphate.at the critical solubility and is independent 

of further increase in anode potential. Under this cOndition, even 

electrode reaction (J) may be in quasi-equilibrium or not far from quasi~ 

equilibrium. If this is the case, the order of magnitude of the aqtivity 

of cupric ions can be estimated from 

( +)2 
K = · Cu++. == 5.6 x 10-7 

c (Cu ;) 

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

the anode·potential: 

·* Symmetry.factor. 

(48) 
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+ 
Eh = 0.520 -+; 0.0591 log(Cu ) ( 47) 

According to Dmitriev, 26 the rest potential of·cold-rolled or annealed 

copper specimens dipped in the saturated solutions anodically prepared 

from a phosphoric acid solution (sp.g. 1.57) is in the range 0.335-0.340 V. 

In this potential range, the calculated order of magnitude of the ratio 

+ ) . ++. . -4 66 . 
(Cu /(Cu ) is (6.3- 7.5) x 10 . Batashev and Nikitin found that 

the ratio of the measured analytical concentration of cuprous ions to 

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

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

( Cu+ ) I ( Cu++ ) of developed in this work. 

C. Concluding Remarks 

Apparent a.node potentials measured with respect to a reference 

electrode include the ohmic potnetial drop due to the resistance of the 

electrolyte between the anode and the reference electrode, concentration 

overpotential at the anode surface, and increase· of. anode potential due 

to solids on the anode surface. When the current density is of the 

order of 0.1 A/cm2 , or larger, the ohmic potential drop·is substantial 

unless the distance between the anode surface and the tip of the reference 

electrode is sufficiently short. In this current-density"region, the 

ohmic potential drop is the main factor responsible for obtaining erroneous 

values of anode potentials. When the measured anode potential is corrected 

for ohmic drop and for concentration overpotential ,· we find that the rate 

of active dissolution of copper at high overv'oltages. is quite well repre-

sen ted by the Tafel relation ( charge:-transfer control) . 

At high overvoltages,* copper probably, dissolves according to the· 

* n > o.o3 v. 
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following two-step mechanism: 

Cu 
fast + Cu + e 

+ slow ++ -
Cu Cu + e . 

Under charge-transfer control, the concentration of copper phosphate t" 

at the anode surfaGe depends on the anode current density and on the 
. . 

transport properties of electrolyte; under given hydrodynamic conditions 

the concentration of copper phosphate increases with increase of anode 

potential. The concentration of copper phosphate at the anode surface 

finally reaches the critical solubility, and diffusion control sets in. 

The current density is no longer under charge-transfer control and 

electrode processes associated with passivation of copper occur as the 

anode potential is further increased: As discussed in Chapter VII, the 

formation of cuprous oxide in the supersaturated solutions (pH = 2) is 

thermodynamically ~possible 
. 2 * 

for i > 0.01 A/em . 

-. 

* In typical electropolishing operation, current density i is largerthah 
0.01 A/cm2 . 
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VII. PASSIVATION OF COPPER AND PROPOSED REACTION 
SCHEMES AT THE CURRENT PLATEAU* 

The study of the anodic behavior of copper at the current plateau 

is of critical importance for the understanding of the mechanism of 

electropolishing. The current plateau is quite wide; the' potential range 

of the plateau in typical electropolishing is of the order of one volt 

or higher. 

As described in Chapter III, the existence of invisible solid films 

on the anode at the current plateau has been well established. It is now 

widely believed that invisible films play an important role in electro-

polishing on the microscopic scale. However, surprisingly little is 

known about the electrode processes associated with the formation of 

solid films at the current plateau. 

Ther .. e are two potential regions of the current plateau in which we 

are especially interested from the view point of electropolishing. One 

is the low-potential end of th'e plateau at which brightening .of the anode 

takes place, The other is the high-potential end of the plateau at 

which good electropolishing occu.rs under suitable hydrodynamic conditions. 

Without knowledge about the electrochemical behavior of the anode in 

these potential regions, it is almost impossible to find out some salient 

features of brightening and electropolishing on the microscopic scale. 

Using information developed in Chapters IV, V, and VI, as well as 

available experimental data from previous work related to the anodi~ 

behavior at the current plateau, electrode reactions at the plateau will 

* Range of anode potential which is higher than peak potential but lower 
than the onset potential of the transpassive region. 
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be interpreted in this chapter on the basis of thermodynamic principles. 

A. Formation of Cuprous.Oxide at the Low-Potential End 
of the Current Plateau 

Brightening of the anode specimens takes place at the descending 

portion of the ~urrent peak (section BC in Fig. 2.1). When the peak 

current density is low, a noticeable current peak appears at the low

potential end of the plateau. It is generally accepted (on the basis 

of the color of the film and from the potential*, at which the film is 

formed) that cupro~s oxide forms at the low-potential end of the plateau. 

Confirmation of cuprous oxide has been made by several investigators 

with electron diffraction analysis, (see Chapter III). Deziderev, 
· 4o ·. · · · 

Gorbachuk, and Sozin, for example, found that cuprous oxide of the 

most perfect grain structure is detected when anodic dissolution of copper 

is carried out in the low-potential region of the plateau. It shouldbe 

I 

noted, however, that the conditions for formation of cuprous oxide in 

this region haven't been quantitatively established so far. 

According to Vett~r,61 passivation of an anode metal in an electrolyte 

is possible if the electrolyte is saturated with an oxide of the metal 

formed in the p~ssivation process and the rate of production of the oxide 

is high enough to supply the amount of the oxide lost by dissolution in 

the electrolyte. 

It is desirable to examine first whether cuprous oxide is stable 

in the solutions supersaturated with copper phosphate. Cuprous, oxide on 

the anode and in contact.with the anolyte of low pH is subject to the 

following; degradation: 86 

* Without correction for ohmic.potential drop. 

... 
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(K) 

This degradation reaction can be. conceived to occur through local cell 

action: 

(L) 

and 

(M) 

At eq~ilibrium, we get the following relation at 25°C (see Appendix V-1): 

++ 0.268 
log (Cu • ) = 0 . 0591 - 2 pH (.59) 

++ . . 
The equilibrium relation between (Cu ) and pH, given by Eq. (59), is 

shown by line Kin Fig. 7.1. The stability of cuprous oxide depends on 

the activity of cupric ions and pH of the electrolyte; As derived in 

Chapter V, the pH of the supersaturated solutions is approximately 2. 

The activity of cupric ions in the supersaturated solutions is difficult 

to est:i.niate; it may be in the range 0.15 t'o l. 3, (see Chapter V). There-

fore, cuprous oxide in contact with the electrolyte should be in 

' the thermodynamically unstable region (below line K). If this is the 

case, high overvoltage is required for the formation of cuprous oxide. 

Now we must investigate whether the solid film formed at the anode 

is really cuprous oxide. It has been confirmed by Hickling and Taylor,87 

88 
,Wakkad and Emara, and others; that the oxidation of copper to cuprous 

oxide in electrolytes of pH higher than 5 takes place according to the 

half reaction (I): 

(I) 
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~ = 0.471 - 0.0591 pH {Ref, 75) (60) 

Line 2 in Fig. 7.2 demonstrates the relation between anode potential and 

pH of the electrolyte, as obtained by Hickling and Taylor. This plot 

shows that the measured anode potential at a given pH is a little higher .. 
than the theoretical value (line 1), except at very high pH. Deviation 

of the measured anode potential f'rom the theoretical value increases as 

the pH of the electrolyte decreases. 

45 46 . . 
Giles and Bartlett, and Valeev and Petrov polarized copper anodes 

in concentrated phosphoric acid solutions to a potential·in section BC in 

Fig. 2.1 ·and then observed potential de'cay following interruption. The 

anode potential f'irst observed af'ter the circuit was broken was 0.39-0.41 V. 

We will call this the initial potential. The initial potential thus obtained 

probably isn't far from the equilibrium potential for the formation of 

cuprous oxide,* provided the time constant of the solid film capacitor is 

much smaller than the rate of change with time of the corrosion potential 

of the film. As shown in Fig. 7. 2 ~ the initial potential obtained by 

Giles and Bartlett, and Valeev and Petrov (assuming pH= 2) is about 50 tnV 

higher than the theoretical potential and falls between lines 1 and 2. 

This analysis supports the view that copper is oxidized to cuprous 

oxide according to the over-all reaction (I) in concentrated phosphoric 

acid solutions supersaturated with copper phosphat'e. 

If the rate of formation of the oxide'of copper is a strong function 

of anode potential, such as an exponential function, and the diffusion 

rate of copper phosphate on the solution side is affeCted only slightly 

* i.e. corresponding to the composition of electrolyte at the surface. 
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High pH electrolyte 

v Wakkad and Emara (88) 
0 Hickling a.nd Taylor {87) 

Cone H3 P04 solution 

+ estimated from Gile's data 
I .. 

• estimated from Valeevs data 

0 

pH 
XBL 7111-7580 

Fig. 7.2 Relation between anode potential and pH of electrolyte for 
electrode reaction (I). · 
Line 1: theoretical line 
Line 2: observed line in high pH:electrolyte· 
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by the increase of anode potential (as discussed later), the degree of 

coverage of the anode surface by the oxide should increase very rapidly 

with the increase of anode potential. This probably gives rise to a 

current peak. It is very likely that the peak potential at a very low 

peak current density is close to the equilibrium potential for the for-

mation of the oxide. From the values of peak potential measured by Hoar 

and Rothwell, we can obtain by extrapolation the value of 0.35 V for the 

peak potential at very low peak current density. This estimated value 
·'· 

is identical to the theoretical value at pH = 2. This gives more support 

for the view that cuprous oxide forms according to the over-all reaction 

.(I) . 

Assuming the two-step mechanism for copper dissolution, the formation 

of Cu
2
o may be given as: 

fast + 
2 • Cu, 2 Cu + 2 e 

2 Cu+ + H
2

0 
slow 

Cu
2
o + 2 H+ 

B. Passivation of Copper Anode Surface by CuprousOxide 

Brightening is closely related to the passivation of the copper ~ode 

surface by cuprous oxide. It is rather surprising that previous work 

on the passivation of copper in concentrated phosphoric acid solutions 

is of a rather qualitative nature. In contrast, the passivation of iron 

or nickel in various media has been the subject of intensive investigations 

resulting in quantitative treatments of the mechanism of passivation. 89-93 

It 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 controlled by the rate of chemical 
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dissolution of the film on iron, whereas as shown by·Hoar and Rothwe113 

passivated copper dissolves under diffusion contron. 

In the following we will assume that the passive film formed on the ·~ 

anode is mainly composed of cuprous oxide and that solid copper phosphate 

deposits have very little effect on the passivation process. No con-

sideration is given to surface roughness .. Under given hydrodynamic con-

ditions the process of spreading of a cuprous oxide film over the anode 

surface may be described* by: 

('61) 

and 

1 
(

38
·) - i < 1 - e) - i e iiJatE + 2 B 

h'aH 

(62) 

in whicl;l iex, i 1 , i 2 , 8, t, 1/! ,',and iB are the superficial current density 

supplied i'ram an external current source, the current density for active 

dissolution of copper, the current density for cu
2
o formation, the fraction 

of copper suri'ace already passivated by Cu
2
o, time, the area covered per 

coulomb for cu2o formation, and the average rate of degradation of the 

passive film (which has the same dimensions as current density), respec-

tively. At steady state, we get 

e i2 
e = 1 iB 

(63) 

and 
i· + i2 

i 1 = 
i2 ex 

1 + 
iB 

(64) 

* ~ It is assumed that current flows only through portions of the anode sur-
face still uncovered with solids. i is neglected. 

c.p. 

.. ,. 
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Under diffusion control, the Tafel relation for active dissolution of 

copper, Eq. (51}, is not applicable for i
1 

in Eq. (61). There is no 

' available information on i 2 and iB. However, the·fact that the apparent 

. 50 valence of dissolved copper at the current plateau is two suggests that 

i 1 is much larger than i 2 . Assuming i 1 >> i 2 , Eqs. (59) and (62) reduce 

to 

and 

il 
-= 
i 

ex 

(65) 

(66) 

Under diff1:1sion control the relation between observed current density, 
I . 

iex' and the current density through portions of the anode surface still 

uncovered, i 1 , can be obtained by considering the increase of mass-

transfer resistance caused by partial blocking of the anode surface for 

the passage of mass transfer current. For the sake of simplicity, we 

will consider a two-dimensional case in an almost stagnant solution. The 

,method adopted in this section is, therefore, applicable only for low 

peak current densities. Nevertheless, it is to be expected that some 

interesting information on brightening can be obtained under these re-

strictions. A low rate of stirring (or absence of forced convection) is 

considered desirable for practical brightening and electropolishing of 

copper in concentrated phosphoric acid solutions. Figure 7.3 describes 

a two-dimensional model of an anode surface which is partially covered 

with cuprous oxide. The relevant diffusion problem can be solved by 

considering diffusion in a unit compartment, whose width along the anode 

surface is h. The width of the portion still uncovered in the unit· 
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compartment is f. The diffusion thickness and depth of the unit com-

partment are o and unity, respectively. According to Todes and Shapiro's 

theoretical study,94 the relative diffusion resistance, RD/RDO' when the 

concentration of a diffusing species at the anode surface is constant 

regardless of the value of e, is given by 

RD ~ 2h h 
1 + --- ln for RDO - TIO f 

0 

h 
>> 1 

(67) 

in which RD is the diffusion resistance for a partially covered surf·ace 

( 8 = 8) , and RDO that ~or a bare surface ( 8 = 0). It is. to be noted 

that Eq. (67) corresponds to R/R in the electrostatic case when g/h is 
0 

sufficiently large (see Fig. 6.7) .. Assuming that the diffusivity of 

copper phosphate, the concentration of copper phosphate at the anode 

surface, and the diffusion thickness are constant regardless of the 

magnitude of applied anode potential, the following approximation can 

be made: 

ipk ·. 2h . . 1 
~ 1 + -- ln -=--~ 

i Tic 1 e (68) 
ex 

when f/h = 1 - e and ipk = peak current density. 

Equation (68) shows that i k/i increases as the passivation proceeds 
p ex 

and that it approaches unity when o is much larger thari h. The condition· 

i k/i >> 1, which is typical in iron passivation, shouldn't be expected p . ex 

in the passivation process of copper. In the limiting case when f is of 

the order of one angstrom (possible at initiation of non-porous film), 

Eq (681 gives 1.1 - 1.5 as the order of .magnitude of i k/i , when the 
p ex 

electrolyte is a 6 M/l H
3
Po4 solution, the peak current density 0.0345 A/cm2 

'i,i 

J 
I 
I 
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( 8 = 162 11)., and h of the order of 2 to 10 ]J. Observations performed 

by optical microscope (see Chapter IV} indicate that this range (h: 

2- 10. ]J), is probably reasonable for partially e:tched polycrystalline 

coper. Earlier observations 3 ' 24 , 25 , 95 show that i k/i * for polyp ex.c 

crystalline copper in solutions of 6 11 M/1 H
3
Po4 is in the range of 

LO to 1.45. It is interesting ·that i k/i measured at room temperature p ex.c 

is between 1.35 and 1.45 as the peak current density approaches zero 

(see Chapter IX). For 8-+1, combination of .. Eqs. (63) and (68) gives 

(69) 

It is assumed that the rate of degradation of the passive film, iB' is 

constant and the rate of formation of cuprous oxide, i
2

, is given by the 

following form frequently adopted for the rate of formation of a metal 

. 89 
ox:Lde: · 

(70) 

in whic:t:- n
2 

is overvoltage. Combining Eq. (69) with (70), we get 

i k i 2 h Fa0 ., 
~ ~ 1 + 2. h ln 2o + -·-~ n 
iex . TI8 iB 7T8 R T . ~ 

(71) 

The second term o:n the right hand side of Eq. ·(71) is to be constant, 

provided that h and 8 are constant~ i.e. independent of anode potential. 

The transfer coefficient a 2a for Cu
2
o formation, or at least ha2a can 

be estimated from Eq. (71), if accurate current vs. potential curves in 

the passivation process are available. Brightening of copper is obtained 

near the onset potential of the first perfect plateau, point C in Fig. 2 .. 1. 

* Current density observed near point C in the current plateau in Fig. 2.1. 

... 
... 
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·It is important to know whether anode surfaces subject to brightening are 

completely covered with a non-porous solid film. This question can be 

answered using the above relation between (i k/i ) and (1- 8), provided 
· p ex 

h is accurately 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 

2.5 r2 at Eh = 0.52 and 0.57 V respectively (see Chapter VIII). The 

electric resistance of the anode film is predominantly determined by a 

liquid film at uncovered sites, if the liquid film directly contacts the 

anode. 2 4 
Using 11.5 ~em for the electric resistivity of the anolyte, ' 

assuming the film thickness of Cu
2
o to be less than 20 A, f to be of the 

order of one angstrom, and h of the order of 1 - 10 ].1, the resistance of 

the anode film per unit area is of the order of 0.023 - 0.23 ~ or less. 

The observed value (2.1 - 2.5 r2) of the film resistance is one or two 

orders of magnitude higher than the estimated range. This difference 

between measured and estimated resistances indicates that when the anode 

is brightened the anode surface is most likely covered with a resistive 

non-porous film of cuprous oxide. 

Strong support was provided for the view- that a non-porous film 
. 34 

covers the anode in the brightening region by Novak, et al. 's recent 

ellipsometric study. 
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.C. Formation oi' a Black Film 

In the potential .region C C1 in Fig. 2.1, the anode surface is 

covered with a thin black film observable with a microscope. The black ' 

film is probably cupric oxide3 ' 25 , 54 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 
_, 

solutions supersaturated with copper phosphate. The chemical degradation 

of CuO in solutions of low pH occurs by the reaction: 

(P) 

At equilibrium, the following relation75 holds: 

++ 
log ( Cu ) = 7. 89 - 2 pH (72) 

This relation is shown by line Pin Fig. 7.1. The region determined by 

the activity of cupric ions ( 0 .1 - l. 3) and pH (about 2) of the S:)J.per-

saturated electrolyte layer near the anode surface is located in the 

unstable side (below line P) and far from the line P. This suggests that 

C u 0 is chemically .much .more unstable than cu
2
o. Obviously, a high 

\ 

overvoltage is required for any appreciable formation of CuO. As mentioned 

in the preceding section, there is little doubt that a non-porous film 

Ccu
2
ul coyers the anode surface when the anode potential is near point 

C in Fig . 2 . l. 

In anodic oxidation of copper in solutions of high pH, it is gen

erally accepted87 ,88 that at least two oxidation reactions take place: 

(I) 

.... 
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and 

(N) 

The equilibrium relation between Eh andpH of the·electrolyte for electrode 

reaction·(N) 75 is given by: 

~ = 0.669 - 0.0591 pH (73) 

in which the activity of Cu2o and that of CuO are assumed to be unity. 

Electrode reaction (N) has been investigated by a number of workers87 ,88 

under galvanostatic conditions in solutions of high pH. The galvanostatic 

method isn't, directly applicable for the oxidation of copper in concen-

trated phosphoric acid soluti<?ns, because the overvoltage for oxide 

formation and the ohmic potential drop across the solid film are too high 

to compare the potential arrest in the potential vs. time curves with 

the equilibrium potential of oxide formation. 

Rest~potential * studie·s provide information ·about the potential~ 

determining reactions of an anode at rest and about the thermodynamics 

of the system. 96 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-circuit 

decay curves of oxide electrodes in corrosive media--after the condenser 

of the oxide film discharges--in general should be interpreted in terms 

of corrosion potential. 96 ,97 This consideration is necessary for the 

interpretation of the open-circuit decay curves of copper anodes covered 

* Arrest potential in the open-circuit potential decay curves. 
** Section CD in Fig. 2.1. 
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with the black film, for CuO is unstable in the saturated solutions. In· 

the higher potential region of the current plateau, (section D F in Fig. 

2.1), it is likely that the formation of an unidentified copper oxide 

(higher than .CuO} takes place (see Section VII-D). The corrosion potential 

of the· anode after the circuit· is broken, then, may appear as the result 

of a lo.cal cell composed· of the reduction reaction of the unidentified 

higher oxide and an oxidation react.ion (reaction X) which we are trying 

to identify here. If the corrosion potential is under cathodic contro162 

soon after the circuit is broken, the observed corrosion potential at the 

second break (¢3 i~ Fig. 7.4A) ,is probably close to the equilibrium 

potential of anode reaction (X). In the lower potential region of the 

current plateau, section C C' in ~ig. 2.1, only anode reaction (X) may be 

important for our consideration. Then, the corrosion potential at the 

first break of the section of gradual potential decay is probably close 

to the equilibrium potential of anode reaction (X). 

In Valeev and Petrov's interruption experiments, 46 when the anode 

is first polarized to the higher potential region of the current plateau 

and the circuit is broken the second break in the decay curves, (¢
3 

in 

Fig. 7.4A) occurs at 0.58 v.· It is interesting to note that this second 

break is approximately independent of the anode potential before the 

circuit is broken. This suggests that the unidentified higher oxide 

of copper is much more unstable in the electrolyte than cupric oxide. 

In Giles and Bartlett's experiments (Fig. 7. 4B), the second break 

occurs at about 0.59 V. These values of the second break potential, ¢
3

, 

.. ""' 

. ., 
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Time 

Fig. 7.4A A potential decay curve (Schematic). 
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A'node-Calomel Potential during Anode Dissolution ( V) 

XBL 7111-7582 

Fig. 7.4B Open-circuit potential of copper anodes after the circuit 
was cut off. Anode potential was measur~d against a

4
calomel 

(O.lN) reference electrode (after Giles and Bartlett 5). 

,, 
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at pH = 2* are very close to the theoretical value of 0.55 V for electrode 

reaction ( N). 

Hickling and Taylor,87 and Wakkad and Ernara
88 

measured under gal-

vanostatic conditions the relation between the potentia~ arrest of copper 

anodes corresponding to ele~trode reaction (N) and pH of the electrolyte 

(neutral and alkaline solutions) . Figure 7. 5 shows that the arrest 

potential measured by them is very near to the theoretical line of elec-

trade reaction (N) (lineN). 

Comparing the results obtained in this research with those in high 

pH electrolytes, we can conclude that ~he second break in the decay curves 

is a corrosion potential very close to the equilibrium potential of 

electrode reaction (N). 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. 7. 4B) . The 

value of 0.58 V is also very close to the theoretical potential for 

electrode reaction (N) at pH = 2. The gradual inc;rease of the first break 

potential with increase of the cell voltage suggests that the coverage 

of the Cu
2
o surface by CuO proceeds gradually with the increase of anode 

potential. Complete coverage· ( 8 = 1) may be difficult to attain unless 

the formation of an unidentified higher oxide of copper sets in. This 

is in agreement with the strong instability of CuO in contact with 

saturated solutions. 

Instability of the anode film, manifested in oscillatory phenomena 

(current oscillation in potentiostatic experiments}, is considered to be 

related to the coverage process by CuO. 

* The pH Qf the supersaturated solution is about 2, as discussed in 
Chapter V. 

,, 
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.High pH electrolyte 

v Wakkad and Emara (88) 

o Hick I ing and Taylor (87) 

Cone. H3 P04 solution 
+ estimated from Giles ..1.' ' .,..2 

• estimated from Gile·s ·cp~ 
I I 

• estimated from Valeevs ~ 
3 

0 

-0.2~~~~~~~~~~~~--~~--~~~ 

1.0 

XBL 7111-7583 
Fig. 7.5 Relation between anode potential and pH of electrolyte for 

the electrode reaction (N). LineN: theoretical line. 
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It should be noted that the anode potential at point C in Fig. 2.1, 

the low-potential end of the first perfect plateau, approaches 0.56 V 

when the current density at the current plateau is extrapolated to zero. ~~ 

It is very likely that reaction (N) starts at the~· corresponding to 

point C in Fig. 2.1. 

D. Anodic Behavior in the Best Electropolishing Region 

The literature contains very little information on the possible 

chemical and electrochemical reactions taking place in the so called 

"best electropolishing region." 

The onset anode potential of good electropolishing, E , has been gp 

investigated by several authors. From Larking's experimental data, 25 we 

e timate after correction for the ohmic .potential drop across the anode 

and a reference electrode E to fall in the range of 1. 06 - .1.14 V. gp 

Similar correction yields from Hoar and Rothwell's data (no forced 

convection) E ~ 1.07 V. One obtains E = 1.05 V at low current den-gp gp 

sities when a concentrated phosphoric acid solution is saturated with 

copper phosphate (Dmitriev26 ). As discussed in Chapter VIII, the electric 

resistance of the solid film per unit area at Eh = 1.0 - 1.1 V is of the 

4. 2 
order of .5 Qcm when the frequency of the A. C. superimposed on the 

D. C. is in the range of 0.4 to 10KHz. The ohmic potential drop across 

the solid film is then estimated to be of the order of 72 mV, ·assuming 

ohm's law* for the solid bulk. With the ohmic potential-drop correction 

the anode potential at the oxide/supersaturated-electrolyte interface 

is found to be of the order of 0.98 to 0.99 V for the onset 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, eve·n though an exponential function is considered to be much 
better than ohm's law.99 

~· .. 
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good electropolishing, if the potential drop atthe copper/copper oxide 

interface is assumed to be negligible. 

Again, rest-potential studies can provide important information 

regarding the potential-determining reactions of an anode at rest. In 

Valeev and Petrov's experiments, the value of the first break when the 

circuit was broken under the best electropolishing conditions is of the 

order of 0.94 V. Ohse97 has found that there exists a rest potential 

corresponding to the formation of an l..Vlidentified higher oxide of copper 

in alkaline solutions. According to Ohse, the potential difference 

between the equilibrium potential of electrode reaction· (N) and the rest 

potential is of the order of 0.37 to 0.40 in l N KOH or 0.01 N KOH. The 

potential difference between the observed potential 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 0.39 V in the present 

case. This estimated potential difference is in rather good agreement 

with the potential 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 

-2 of the order of 10 sec at~-= 0.8- 1.0 V, .when the circuit is inter-

rupted under the condition of best electropolishing. If the pH dependence 

of the equilibrium potential for the unidentified higher oxide formation 

is the same as that of electrode reaction (N), there exists a strong pos-

sibility for the occurrence of an unidentified higher oxide of copper 

The relation between cell voltage and initial potential or the first 

break potenti~l shown in Fig. 7.645 suggests that the spreading of the 
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Fig. 7.6 Open-circuit potential of copper anodes after the circuit 
was cut off Ur:ider the conditions of good electropolishing; 
Potential was measured against a calomel (O.lN) reference 
electrode (after Giles and Bartlett45). 
¢1: initial potential with respect to a calomel (O.lN) ref

erence electrode. 
¢2: the first break potential with respect to a calomel (O.lN) 

reference electrode. 
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unidentified higher oxide proceeds gradually with the increase of anode 

potential. Complete cov~rage may be achieved at Eh = 0.93 - 0.97 V. 

It is· reasonable to assume that "best ·electropolishing" of copper is 

obtained when the anode is completely covered with the unidentified 

higher oxide of copper. 

E. Concluding Remarks 

In the foregoing section detailed arguments were presented confirming 

that cuprous oxide forms near the peak potential. Formation of cuprous 

oxide in concentrated phosphoric acid solutions probably takes place 

through the same mechanism as in other electrolytes at higher pH (neutral 

and alkaline solutions) :. 

2 Cu + H
2
o = Cu

2
o + 2 H + + 2 e ·. 

The explanation offered by Lorking, 25 and Hoar and Rothwe113 for 
I 

(I) 

the reddish brown film formation is congruent with the present conclusion. 

Copper is probably covered with a non..;porous film of cuprous oxide when 

it is brightened at the lower potential section bf the current plateau. 

Metal dissolution may proceed by the transport o.f copper ions through 

the non-porous film. 

When under diffusion control, the decrease of anode current density 

in the passivation process due tb Cu
2
o is small. The passivation equations 

applicable here are probably completely different from those describing 

the passivation of iron in acid media. A new approach to the diffusion 

controlled passivation has been proposed in this section which takes into 

·~onsideration the effect of progressive surface coverage by an insulating 

C'ilm. 
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From an analysis of the behavior of the corrosion 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 CuO + 2 H + 2 e (N) 

The anodic processes of copper in the best electropolishing region 

are difficult to interpret because of the lack of quantitative experi-

mental data on the behavior of an as yet unidentified higher oxide of 

copper. "Best electropolishing" probably results when this unidentified 

higher oxide covers the underlying oxide film completely. 

Copper dissolution in the best electropolishing region proceeds by 

the transport of copper ions through a multi-layered oxide film: cu
2
o 

in contact with the metal, CuO as the middle layer, and the unidentified 

higher oxide facing the solution supersaturated with copper phosphate. 

. 
-.• . 
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- . . . . 

VIII. ELECTRICAL PROPERTIES OF THE ANODE-SOLID FILMS 

As discussed in Chapter VII,, copper is covered with an oxide film 

at the current plateau. The anode film is probably non-porous when 

copper is electropolished or electrobrightened. 

Optical- and electron-microscopi~ observations25- 27 of well-electro-

polished surfaces show mirror-like finishes and no etched pits on either 

macro- or microscale. This suggests that copper-ion transport through 

the oxide film is nearly uniform over the entire anode s~rface under 

good electropolishing conditions, except for nonuniform current distri-

bution caused by micro-roughness. PUblished work on the electric behavior 

of anodic films on copper is of a qualitative nature. Quantitative studies 

of the electrical behavior_ of the anode oxide films in situ could provide 

valuable information related to the transport of charged particles through 

the films. 

The main purpose of this research on anode impedance at the current 

plateau is to find out what information on the electrical properties of 

the films can be obtained from measured A. C. impedance between an anode 

and'a reference electrode during electropolishing. 

A. Impedance of an Anode Film in the 
"Best Electropolishing" Region 

A. C. impedance between a vertical anode and a reference electrode 

during electropolishing was measured by Ohashi, et a1. 33 in the frequency 

range of 400 hertz to 10 KHz; For convenience's sake, their experimental 

results were interpreted in t·erms- of a resistor, R , and a capacitor, C , 
s s 

connected in series. The series resistance R and series capacitance 
s 

Cs; derived from experimental data, are plotted as functions of frequency 
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in Figs. 8.1 and 8.2. R decreases sharply while C decreases only 
s . s 

slightly with increase of-frequency. Obviously, the series connection 

of' a resistor and a capacitor_doesn't represent the measured impedance 

properly. If this were the case, R and C should be approximately s s . 

independent of frequency. 

The wave length range of' A. C. used by Ohashi, et al. (400Hz to 

10 KHz) is many orders of magnitude larger than the dimensions of the 

anode specimen. This ·allows an equivalent circuit to be represented by 

linear elements. We exclude here nonlinearity caused by roughness on 

microscale on the surface. One of' the equivalent circuits* to be con-

sidered for non-porous films cif uniform properties along the anode 

surface is,shown in Fig. 8.3 .. It is assumed that there is no special 

adsorption of ions affecting the anode impedance. The Warburg impedance 

is probably negligible in the high frequency range. 

Assuming that either t~e oxide s~de or the solution side is the 

controlling .factor of' the over-all anode impedance, one greatly simplified 

equivalent circuit is the parallel connection of' a resistor and a capac-

itor with series resistors as snown in Fig. 8.4. 

The total impedance across points A and R, Z ,for the equivalent ar 

circuit shown in Fig. 8. 4 is given by: 

R w R2 c 
z X + R +<R j 

X X (74) = .ar 
l + w2 R2 c2 ar sc 

1 + 2 2 c2 w R 
X X X X 

in which w is the angular frequency. ·For the series connection of a 

resistor and a capacitor, used by Ohashi, the following relation holds:. 

* See publications: 98, 99, 100, 101, etc. for general reference. 
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Frequency (Hz) 

XBL 7lll-7585a 

Effect of frequency on the series resistance R for vertical 
anodes in phos.phori~ acid solutions (H

3
Po4 sol~ (p=L72) 

7 vol; H2o ·3 vol) (after Ohashi, et al.33). 
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Z = R ar s - j 

Comparing Eq. (74) with Eq. (75), we get 

and 

R · = R + R . + 
s ar sc 

l 

l + 

w R2 C 
'X X 

we = 
s l + 

. . 102 
From these equations we obtaln: 

c+ - Rx )2 + ·(. 
c2 2 . . l 
.X 

or 

l 
we 

s 

R 
X 

( H -
s . 

R ar - R sc 
_ Hx )

2 +( . ..1:_)2 = (Rx)2 
2 · we· 2· 

s 

(75) 

(76) 

(77.) 

(78) 

(79) 

Equation (79) is the equation of a circle which is centered at (R /2, 0) 
X 

with radius R /2, if the measured reactance, 1/wC , is plotted against 
X · S . 

resistance, R - R - R 
s ar sc The values of R and R have been estimated ar sc 

in this.research in two ways: (l) from extrapolating the measured line 

of Rs vs. l/f33 to infinite frequency, and (2) from the measured values 

of the resistance between the anode and the reference electrode when 

the anode dissolves in the active region. 

Figure 8.5 shows the impedance loci of the Cu/oxides/soln./reference 

electrode system, when- the anode potential is l. 0 V < ~·· < l. 3 V and the 

frequency is in the range of 400 Hz to 10 KHz. The experimental dat'a 

points fall close to a circle of 16 st diameter. This suggests that the 
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,. 
Rs- Rar~.. Hsc 

.... 

1.0 .v ·. < E h < 1.3 ,. v 
0 400 ·Hz v 3 KHz 

<> KHz A 10 KHi 

XBL 7111.:7589a 
- ,·· ' ·. ., . 

. Impedance l9ci of. the copper /oxide/ solu~ion/:refereri,'c~ 
electrod,e '.system {this world·. ·. · · · . ·~·~ · .· .. · 
LO V < ~ < 1..3 V. Data by Ohashi, et al. · 
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\ 

analog circuit of a parallel resistor and a parallel capacitor is approx-

imately correct. In Figs. 8.6 and 8.7, the parallel resistance R x,o 

(Qcm2 ) and parallel capacitance- C (~F/cm2 ) of the analog circuit per . x,o 

unit area of the apparent surface are plotted as functions of frequency. 

R is nearly independent of frequency, although it slightly decreases x,o 

with the increase of anode potential. 

between 5 ).1F/cm2 and 8 ).1F/cm2 . 

Figure 8.7 shows that C is in x,o 

The foregoing analysis indicates that the impedance of the anode 

surface under electropolishing conditions can be satisfactorily repre-

sented by the parallel connection of a resistor and a capacitor, instead 

of the series combination suggested by Ohashi, . et al. 33 

B. Effect of Solution-Side Impedance 

We now examine whether the impedances, R and C , are predominantly 
X X 

I 

determined by the solution side impedance, Rw' Cw and zF2 . The fact 

that R and C are nearly independent of frequenoy suggests that 
x,o x,o 

under Ohashi's experimental conditions the effect of the diffusion 

impedance on the over-all impedance is small. 

AssliDling the diffusion impedance to be negligible, we get 

1 1 1 
-~ -.- + 
R R .~ X w 

and 

c ~ c 
X w 

The reaction resistance ~ may be calculated by the following 

relation: 103 

( 80) 

(81) 

(82) 
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in- which the. Tafel r~lation as given by Eq. (51) is assumed to be 

applicable . If we assume that for the anodic transfer coefficient, ct , 
a 

in Eq. (82) we can use the value obtained for the active. dissolution of 

copper (eta= 1.44), we.obtain for il 2 = 0.018 A/em at 30°C: 

2 
~ ~ 1 Dcm 

This leads to R x,o 
2 < 1 Dcm . .As shown in Fig .. 8.8, in the best electro-

polish~ng region the observed of the order of 4.8 5.0 
2 

R is - Dcm . .x,o 

R in the active dissolution of copper is probably much smaller than 
.X ,o 

that in the best electropolishing region (Fig. 8.8). 

Considering RT to be the slope of the anodic polarization curve at 

a given current density, we can hardly accept the view that the observed 

R under the best electropolishing conditions represents the solution-
-X;O 

side resistance. 

We now turn our attention to the behavior of capacitance.· From 

Ohashi's experimental data the parallel capacitance, C , in active x,o 
. . 2 

dissolution of copper is of the order of 200 - Boo ]lF/cm . The double-

layer t:!apaci tance .of copper electrodes. at Eh ~ · 0. 3 V (or higher*) . according . 

to Bockris and Conway,101 and Hoey,104 and Noguet,105 etc., is of the 

order of 100 ]1F/cm2 or higher. Even after the correction of the double-

layer capacitance due to surface roughness is made, the double-layer 

capacitance is still too large compared to the values of C under best 
x,o !• 

electropolishing conditions. 

It is concluded that the parallel resistance and capacitance obtained 

* Anode potential region in which active. dissolution of copper occurs. 

. . ~ . 
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under the conditions of the best electropolishing don't represent the 

impedance at the copper/solution interface. This is in agreement with 

the results obtained with respect to the electrode reactions at the 

current plateau (Chapter VII). It should be mentioned that according 

104 . 
to Hoey the effect of the solution-side impedance on the over-al+ 

impedance of the Cu/Cu20/aq_ueous solution system may be neglected when 

no direct current passes, and the freq_uency is larger than 103 Hz. 

C. Oxide Film Properties 

We now examine the second extreme case, in which .the impedance of 

the oxide film is represented by parallel resistor and capacitor (R , C ). 
X X 

The·order of magnitude of the oxide film thickness ef, then, may bees-

timated by 

. e:oe:f f 4 e:f 
ef ~ = 8.854 x 1o-1 · ·-- f c . c 

x,o x,o 
(83) 

in which e: and f are the dielectric constant of the oxide film and the f .. 

roughness factor of the film respectively. According t~ Noguet, et a1.,105 

106 and Heltemes, the dielectric constant of Cu
2

o is 7.5 :- 7.6, while that 

of CuO .is.l8. 107 On the other hand, Hoey10~ has found that a film of 

the multi-layer structure composed of Cu
2
0, Guo,•and an unidentified 

higher copper oxide has a dielectric constant of the order of 46 - 70, 

unusually high compared with that of pure cu
2

o or CuO. As discussed in 

Chapter VII, the solid film formed under best electropolishing conditions 

is probably of the type considered by Hoey. Assuming that the possible 

range of the dielectric constant of the anode solid film is 7.5- 70 and 

that for well electropolished surfaces the roughness factor f is 1.3, we 

obtain from Eq_. (83) 

~· ... 
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ef ~ 13 - 124 A 

If any portion of the oxide film functions as a series resistor, the film 

thickness should oe larger than 13 - 124 A. 
2' ·, . . 

According to Hoar the film thickness estimated from impedance data 

is of the order of 6 to 60 A. Using an ellipsometric technique, Novak, 

34 
~t al. have found recently that the film thickness is of the order of 

40 to 120 A at a limiting current density close to that in Ohashi's 

impedance experiments. 

From R and C estimated in this research, we can calculate the x,o x,o 

loss tangent defined as 

l tan ¢ = ----~----we R 
(84) 

x,o x,o 

The loss tangent is 5 at f = l KHz and 0.5 at f = 10 KHz. According to 

104 Hoey, the loss tangent is 2 - 2.5 at f = l KHz and 0.8 at f = 10 KHz 

respectively for a film of the multi-layer structure. 

If the film thickness is really of the order of magnitude mentioned 

above, it is obvious that copper ions transfer through the solid film 

under the electric field of 106 - 107 V/cm. Under this high field 

(106 - 107 V/cm), the current density passing through an anode film is 

approximately given by the following forin99,l08 

i = A exp B E 
2 

( 85) 

in which the apparent field strength, E, is given by E = 6.nf/6f, where 

6.nf is the apparent overvoltage at the anode. The value of B may be 

est~mated from the relation 
l 

= (aEh)· 
Rx,o di i = (86) 

l 
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Equation (86 )· yields B = (1. 5 - 14) X l0-6 cm/V for ef = 13 - 124 A and 

i = 0.018 A/cm2 . It is interesting to note that the value of B is 

6.8 x lo'-6 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 the same order of magnitude as that for anode 

oxide films formed on Ta, Al, Zr, Nb, InSb, etc·. 108 under a high electric 

field strength gives strong support for the viewthat copper ions transfer 

through the anode film under the high electric field. For this reason, 

R should be interpreted as the over-all reaction resistance of the x,o 

oxide film. 

Finally, it is necessary to consider to what degree our interpretation 

of impedance measurements may be affected by nonisothermal conditions. 

When large current densities pass through the. resistive film, the rate of 

heat generation 'by the Joule effect may be considerable. A temperatwe 

rise of the film may cause flow of electrolyte.near .the anode, causing 

a non-uniform current-density distribution. Assuming that in Ohash's. 

experiments the heat generated in the solid film was.transferred to the 

electrolyte primarily by natural convention, we can estimate the order 

of magnitude of the average film temperature, T . , at steady state: 
e 

T 
e - T soln 

~ 0.24 i~ 
h 

m 

in which T i 
1 

, and h are the t_emperature of the electrolyte in soln' m 

innnediate contact with the anode, the limiting current density, and· 

(87) 

heat-transfer coefficient, respectively. ' The heat-transfer coefficient 

has been calculated in this research using a graphical relation between 

. 
·•. 

.. 
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Nu and Gr Pr for heated vertical plates. 109 For the thermal conductivity 

and the thermal coefficient of volumetric expansion, the respective phys-

ical properties' of water have been used. The calculated temperature 

difference, (T - T .· ) is of the order of 1 °G or smaller. In fact, 
e soln calc. 

heat is also lost through the back.of the anode by thermal conduction. 

The temperature difference, T - T 
1 

, therefore, is probably smaller than 
e so n 

D. Concluding Remarks 

The impedance of the anode surface under the best electropolishing 

conditions is approximately represented by the parallel connection of a 

resistor and a capacitor. 

The resistance of the parallel resistor starts to increase in the 

anode-potential region in which the passivation of copper by cuprous 

oxide takes place. The parallel resistance is nearly constant in the 

best electropolishing potential region; the constancy of the resistance 

lasts up to the onset of the transpassive region. 

The film thickness under the best electropolishing conditions is 

estimated to be 13 - 124 A. 

It is very likely that the parallel resistapce represents the reaction 

resistance of the anode film. Copper ions transport through the solid 

film under a high electric field strength. The generally accepted expo-

nential form for ion transport under high field may be applicable for 

the transport of copper ions. 
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IX. CURRENT DENSITY IN ELECTROPOLISHING 

Under favorable electropolishing condi tio~s·, * charge passes through 

an oxide film and a diffusion layer. The current isn't entirely con-

trolled by the solution-side transport of cupric ions, for in this 

potential region the concentration of copper phosphate at the oxide-

electrolyte interface doesn't reach the critical solubility. The current 

density, i , at any portion at the electrode surface depends on how the 
. le 

resistance of the transport of copper ions across the anode fil.m affects 

the over-all transport resistance. The transport resistance across the 

anode fil.m is a function of the compositions, thickness, transport prop-

erties and porosity of the film, as well as of the electric field strength 

across it. As discussed in Chapters VII and VIII, the important opera-

tional variables determining the film properties are anode potential, and 

hyd.rodyna.mi c conditions near the anode surface. 

In Chapter IV it is demonstrated that using the critical solubility 

and diffusi vi ty of copper pho.sphate the peak e1irrent density, i k, can 
p 

be predicted by judicious application of ordinary mass-transfer relations. 

Under given hydrodynamic conditions the ratio of the peak current density 

to that needed for electropoiishing is, then, considered to be a measure 

of the degree of the passivation of the anode surface by copper oxides. 

In practice, when the electrode configuration is given (horizontal, 

vertical, etc.) the passivation behavior under diffusion control may be 

investigated in terms of the ratio i k/i and i 
. . .. p le le 

* Current density at section E F in Fig. 2 .1. 

" .. 
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A. Relation Between i k/i and i 
p le le 

Figure 9.1 shows the relation between the ratio i k/i a~d the ~ur
p le 

rent density under BEC,* i , for horizontal anodes of polycrystalline copper 
le . 

facing upward in 5.3 - 10.7 M/1 H
3
Po4 solutions at 18°C.** Experimental 

. . 3 
ipk and i

1
e values were. taken from Hoar and Rothwell's,. and Honeycombe 

and Hughan's95 work. The value of i k/i is about 1.37 at i = 0.01-
p le le 

2 0.025 A/em and approaches unity as i increases. In practice, copper 
le 

specimens are difficult to electropolish when i is of the order of 
le-

2 0.1 A/em or larger,,i.e. when i /i is close to unity. 
pk 1e 

The current density under BEC can be estimated by considering the 

decrease of i k/i as i increases. We will consider rotating hori-
P · 1e 1e 

zontal disk anodes and vertical anodes in natural convection. 

B. Rotating Disk Anodes 

Limitin~ current densities passing through rotating disk anodes have 

been measured by Zembura_l9 Although he has made no detailed analysis 

of i _ , Zembura has found a proportionality between i and the square 
le l e 

root of the rotational speed of the disk anode, N: 

( 5) 

The peak current densities in the case of rotating disk anodes have 

been calculated in this research by the modified Levich equation:110 

ipk = 1. 55 . D2/3 Nl/2 v -1/6 C. 
2 F 3 · pm m ps (88) 

in which v and N are the mean kinematic viscosity of phosphoric acid 
m 

* Best electropolishing conditions. 

**Honeycombe and Hughan's data95 was obtained'at 25°C. 



' 

1.51 

1.4 r-
Cl 

1.3 ~. 

Q) 
Clo.( . 

·- 1.2 '""' .::.! . 

0.. ·-. 
1.1 f-

LOI-

0.9 

0 

Data from: 

• Hoar (3) Hone~combe (95) 

~s 
o 6M/i H

3
P0

4 
~ 10.7 M/1. H3P04 

\ 1:1 
• 8M/ 1 H PO 1:1 5.3 M/ R H3P04 . 3 4 

\ D IOM/.R H
3 

P04 

o\ • ' • '\ 
c ' ' ' 0 c ' ,o. 

' ,o • ....... 
c"l"-....-..... • 0 -- .. 

. -------• 

0.08. 0.10 
. 2 

L le (A/em ) 
XBL 7111-7593 

Fig. 9.l .Effect of current density, i
1
e, under the conditions of electropolishing 

on the ratio i k/i for horizontal anodes facing upward. · , 
p le ~ 

.. -~-- ---·· ~--- . ....:.. ---~. _______ .: __ \. -----. -------- -----· --~-- ...... -~: .. __________ {-,, 

·~ 

I 
f-' 
~ 
.p-
I 



.. 

., 

., 

0 :J d J ~ ' 6 ' .,) . ! ; ~-J 0 ;_-J r.J' ,. 

-175-

solutions near the anode and the rotational speed, respectively. Com-

bining ipk calculated by Eq. (85) with the relation between i k/i and 
p le 

i , we get the minimum possible limit of the calculated limiting current 
1e 

densities necessary for BEC. The maximum possible limit was obtained by 

assuming i k = i 
. P 1e 

The calculated limiting current densities are com-

pared with the observed ones in 6 - 12 M/1 phosphoric acid solutions in 

Fig. 9.2. The minimum values of calculated current densities are in 

good agreement with experimental values obtained by Zembura. The slope 

of the observed i vs. calculated i is in the range of 0.86 - 1.03. 
le le 

C. Vertical Anodes 

The vertical anode configuration in free convection has often been 

chosen f'or.electropolishing experiments. For example, Krichmar and his 

24 co-workers used this configuration for their investigations on the 

mechanism of electropolishing on the macroscale (i.e., the change of peak 

height of sinusoidal wavy surfaces with time). Except for a very recently 

published 119 . . 1 
emp~r~ca correlation, there has been no theoretical work 

concerning the prediction of i · for vertical copper anodes in concen-
1e 

trated phosphoric acid solutions with natural convection. ' 

The method for the evaluation of limiting current densities at 

electrodes in natural convection.is very well established.lll-ll5 

This suggests that current densities necessary for electropolishing can 

be predicted by using available mass-transfer correlations. Limiting 

current densities at verticalelectrodes in laminar free convection can 

b f 11 ' 1 t d b •· . th .d.. ·. 1 . lt. 111-115 e success u y eva ua e y us~ng e ~mens~on ess corre ~on: 

1/4 . ~ 12 
Nu = 0.66 (Gr Sc) for Sc Gr = 10 - 10 (89) 

in which Nu, Gr, and Sc are Nusselt number, Grashof number, and Schmidt 
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number, respectively. In our oase these dimensionless groups have the 

:following :form: 

and 

Nu 'c.alc 

L i = ., pk 
2 F D (C ·- C ) pm. ps pb 

i 
Nu, , 

1 
~ ( Nu, al ) x 

1
. l e 

~~ca c. c c. pk 

Nu 
' 1 ,obs 

Li . . = -·te,obs 
2 F D (C ~ C ) . pm ps . pb 

Gr = 

Sc = 
\) 

m 
D 

pm 

in which L: electrode height, .g: gravitational acceleration, p s : derisi ty 

of' the electrolyte at the anode sur:face, p
0

: density of' the bulk elec

trolyte. Figure 9.3 shows the r~lation between Nu and (Gr•Sc)
1

/ 4 for 

' polycrystalline copper anodes in 5 - 10 M/l H
3
Po4 solutions at 20°C. 

Experimental data were taken from Krichmar and his co-workers, 24 and 

Shibazaki and Shimojyo's 56 work on electropolishing. It is shown in 

Fig. 9.3 that the maximum values of the c~.culated Nusselt numbers at 

given Gr•Sc are in agreement with the observed Nu. Sur:face roughness 

(H = 4. 5 - 35 ]J, a. = 50 - 700 ]J) might increase the observed i by 
P le 

10 - 15%. 
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D. Concluding Remarks 

' 

The effect of the resistance of copper transport across the oxide 

film on the over-all transport resistance is small. For rotating disk 

anodes, vertical anodes in natural convection, and horizontal anodes 

in forced laminar flow, current densities for electropolishing can be 

estimated with an error of ~20%. In these calculations we consider 

copper pposphate to be the mass~transfer determining species and assume 

that the concentration of copper phosphate at the anode surface is close 

to its,critical solubility. A more precise prediction of the current 

density suitable for electropolishing is, however, problematic for the 

following reasons: 

i) A well defined and reproducible surface state of anodes is 

ii) 

difficult to obtain, since anode potential, an important oper-

ational variable, is difficult to maintain at a desired value 

dUring the initial stage of copper dissolution. 

The effect of roughness on the microscopic scale on i is not 
le 

well known. 

iii) Even a small number of etch pits on the anode surface can cause 

the current density at the plateau to approach the peak current 

density . 
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X. CONCLUSIONS 

In the course of this research, earlier experimental work and 

theoretical interpretation relevant to tpe elucidation of the mechanism 

of electropolishing of copper in phosphoric acid has been subjected to 

deta;Lled scrutiny. In addition, optical microscopic observations were 

made of the surface events during electropolishing, and the current::.. 

potential-time relationships were examined under galvanostatic and 

potentiostatic conditions. The following conclusions are drawn: 

l. The overpotential associated with the active dissolution of copper 

is well represented by the Tafel equation. The slope of the Tafel line 

is quite similar to that reported for dissolution of copper in acidified 

copper sulfate solutions. The apparent valence of dissolution of copper 

is two. Under given hydrodynamic conditions, when constant potential 

or constant current is applied across the cell.the concentration of 

copper phosphate at the interface increases with increasing anode 

potential and. eventually 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 alter~ately, a decrease of current uhder potentiostatic condi-

tions. Under various hydrodynamic conditions the evaluation of the 

rate of transport of copper phosphate from the anode to the bulk electro-

lyte allows the prediction of the onset of the voltage jump or of the 

current decrease~ 

3. < The strongly buffered viscous layer formed at the current plateau 

is a solution of H
3
Po4 and Cu(H2Po4)2 in water. _The pH of the layer 

saturated with Cu(H
2

Po4 )2 
is estimated to be close to 2. The concentra

tion of H
3
Po4 in the saturated solution increases with the increase of 

·I 

... 
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H
3
Po4 in the bulk electrolyte. 

4. Cuprous oxide is much more stable in the H
3
Po4 solutions saturated 

with Cu(H
2
Po4)

2 
than cupric oxide. 

5. Cuprous oxide forms near the peak potential (region B C in Fig. 2.1) 

by the reaction: 

· 0 H+ + '2 e-. 2 Cu + H
2

0 = Cu2 + 2 

6. Cupric oxide forms in the first perfect current plateau region 
. . 

(region C C' in Fig. 2.1), most probably by the reaction: 

7. Ari unidentified higher oxide of copper probably forms in the 

so-called "best electropolishing" region (region E Fin Fig. 2.1). 

8. The occurrence of the current plateau is caused by the formation 

of cu
2
o, CuO, and probably some higher oxide of copper. 

9. The imp~dance of the anode surface in the best electropolishing 

region can be simulated by the parallel connection of a resistor and a 

capacitor. The resistance ofthe parallel resistor starts.to increase 

in the anode potential region in which the passivation of the anode by 

cuprous oxide takes place. The parallel resistance is nearly independent 

of anode potential in the best electropolishing region. 

10. The order of the thickness of the multilayered oxide film is 

13 -~ 124 A. Copper ions transfer through the oxide film under a very 

high electric field strength [106 - 107 V/cm]. 
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11. Electropolishing of copper on a microsGopic scale is greatly 

affected by the transport properties of the oxide film. Anode speci-

mens are deeply etched if the oxide film has active sites, such as 

portions uncovered with the unidentified higher oxide of copper. 

12. At the low-potential end of the current plateau, brightening of 

copper takes place. The passivation of the anode by cuprous oxide 
I 

plays an important role in this process. 

13. The peak current densities ipk can .be calculated by ordinary 

mass-transfer correlations by assuming that copper phosphate is the 

diffusion-rate-determining species and that it has a critical solubility 

at the peak potential. Precise calculation of current densities to be 

applied in electropolishing, i
1
e, would require quantitative knowledge 

of ionic transport of copper through the oxide film. From an engineering 
i 

point of view, however, the current densities are estimated with 

satisfactory accuracy if the ratio i k/i is obtained for a given 
p le 

electrode config~ration. 

14. Electropolishing of copper on a macroscopic scale can be well 

interpreted by the Wagner equation (Eq• 7) derived from the solution 

of the Laplace equation. It is to be noted, however, that instead of 

assuming zero concentration of the limiting species at the surface, 

the appropriate boundary conditions for the solution of the Laplace 

equation 

are 

'i 
I 

; 

i 

.l 
I 
! 
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1: cp = cps at the anode surface 

.2: constant concentration gradient at a point far 

-. from the anode surface. 

Application of these boundary conditions leads to an equation identical 

to Wagner's. 
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APPENDIX I. PHYSICO-CHEMICAL PROPERTIES OF 
COPPER PHOSPHATE SOLUTIONS 

Table A-1. Dif'f'usion coef'ficient of c9pper phosphate f'ormed 
at the anode (20°C) measured by Krichmar; et al. 21 

H
3
Po4 Cu Cone. viscosity Dp,o z 

M/l M/l centi-poise cm2/sec liter/mole 

12.3 0.084 21.6 4.4 X 10-7 0.563 

9.8 0.040 11.8 9·3 X 10-7 0.630 

7.5 0.020 7.0 1.3 X 10-6 
0.590 

5.0 0.023 3.6 2.5 -6 
X 10 · 

2.5 . 0.020 2.4 4.4 X 10-6 

0.4 0.014 1.20 7.2 X 10-6 

D = D exp (-z c ) p p,o p 

c . 
p' concentration of copper (M/l) 
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Fig. A-1 Effect of the concentration.of phosphoric acid on the 
analytical concentration of copper in the supersaturated 
solutions formed at the anode. 
Curve 1: concentration obtained under agitation of anolytes 

at 20°cl2 
Curve 2: concentration obtained at the current plateau at 

18-22°C7 
Curve 3: concentration obtained after the supersaturated 

solutions had stood at 25°C for some monthslO 

c i 
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Table A-2. Variation of the viscosity and density of 
phospheric acid solutions with copper contant 

(after Krichmar7). 

++ Density (20.0°) H
3
Po4 Cu Viscosity 

M/1 M/l g/cm3 Centi-Poise 

,a 

2.0 o.oo 1.105 2.32 

2.0 0.42 1.147 2.58 

2.0' 0.74 1.179 3.02 

2.0 0.97 1.203 3.38 

2.0 1.300 1.237 3.76 

5.0 o.oo 1.265 4.35 

5.0 o.4o 1.309 5.04 

5.0 0.80 1.353 6.35 

5.0 1.14 1.390 8.25 

5.0 1.60 1.441 11.21 

5.0 1.93 1.481 14.64 

7.5 o.oo 1.395 7.93 

7.5 0.40 1.436 9.88 

7.5 0.79 1.476 12.38 

7.5 1.14 1.512 15.99 

7.5 1.56 1.552 21.92 

7.5 1.99 1.599 32.63 

10.5 0.00 1.531 15.08 

10.5 0.30 1.561 17.71 
=---=-~--=--~---------=- ----==·· 

.-. .:;:;----~ 

10.5 0.59 1.590 21.67 

10.5 0.99 1.630 . 28.64 
•·~~"' 10.5 1.50 1.683 43.74 

10.5 1.87 1.717 55.51 
~} 12.6 0.00 1.673 31.20 

12.6 0;30 1.701 38.40 

12.6 0.49 1.719 43.60 

12.6 0.70 1.739 50.20 

12.6 0.92. 1.760 63.50 
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APPENDIX II, . CALCULA'I'IONS OF SOLUTION SIDE TRANSPORT 

A. Calculations·a:r·solutiori Side Transport Under 
Galvanostatic Conditions 

1. Derivation of Eq. (10) 

The diffusion equation in one dimension is 

Initial and boundary conditions: 

r.c.: c = c(o) at t ~ 0 

B.C.l.: i - - F·D (~) at 
k ax x=O 

X = 0 

B.C.2.: C = C ( 0) at x = oo . 

(II-1) 

The solution to.Eq. (II-1) with these initial and. boundary conditions 

. 64 
1S: 

.· ·(t ) 1/2 ( 2) 
C(t) - C(O) = 2~ ~ Dn exp 4~t 

i ·x -k
F·D 

. ( X ) erfc 
. 2(Dt )1 / 2 ·· 

· At the anode surface we have 

i (t ) 1/2 
[ C ( t ) - C ( 0) ] x=O = 2 k F 00 

(II-2) 

(II-3) 

1:1 

. . 
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2. Derivation of Eqs . {,12) • \13) • · (14) , and (15) . 

Case (I) 

Cu + H
3
Po

4 
+H

2
o = IcuoHJ+IH

2
Po4J- + 2H+ + 2e- (over-all) 

- + - + + 
Cu + H OH - CuOH + H + 2e-

( tH+ ) + ( t ). + ( t +) = 1 H PO- CuOH · 
2 4 

/ 

( II-4) 

in which tHPo=• tp0=4
, tcu++, and t 0H- are neglected. The increase* of 

+ . 4_ 
[CuOH] [H

2
Po4J and decrease of H

3
Po4 per unit time 'at the anode surface 

may be calculated as follows: 

' + 
CuOH 

(II-5) 

-
·(-i +. _ i(l - tCuOH+)) H + . F tH --2-F_..;:=.;:;;.__ 

The first term on the right hand side of Eq. ( II-5 )'r- expresses the increase 

+ -of [CuOH] [H2Po4J and the second and third terms express the decrease 
I + . -

From this the net increase of [CuOH] [H2Po4J is 

* Increase is shown by positive sign. 
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Assuming that the increase in {CuOHt[H
2
Po4r and the decrease in 

[H
3
Po4J is a result of diffUsion away from the anode surface or to it 

from the bulk of the electrolyte, we obtain the relations 

i . 
2F. (l - tCuOH+) - - D 'VC . p p 

or 

i = 2F Dp I 'VCP., 
l - tCuOHt+ (II-6) 

and 

i . i . ( 
-F tH+ - 2F ' 1 - t . + ) = D 'V C CuOH r r 

i = ~----~F~-------1- t . + 
t + --~C;..;;u:.;:O~H;.;... 
H - 2 

(II-7) 

Case (II) 

Cu + 2H
3
Po4 = Cu(H

2
Po4)

2 
+ 2H+ + 2e- (over-all) 

Cu
++ 

Cu = + 2e 

(II-8).; 

The· increase of [ Cu(H2Po4) 2J and decre,~se of [Hlo4J per unit time at 

the anode surface may be calculated in the same way as those in Case (I): 

,. 



,. 

.. 
.. 
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L (l - t ++) 
2F Cu 

i - i ( ) i -t. __ ....:. 1-t ++ --t+ 
F H

2
Po4 F - Cu F H 

i -- t + F H (II~9) 

The first term on the right hand side of Eq. (II-9) describes the increase 

of [Cu(H
2
Po4)2J and the second term the decrease of [Hlo4J. The net 

increase of [Cu(H
2

Po4)
2
J is: 

and the decrease -of H
3

Po4 is: 

L (1 - t ++) 2F · Cu 

i.t+ 
F H 

In the same manner, we obtain the relations 

(TI'-10) 

and 

i F = tH+ 

3. Effective Diffusivity in Galvanostatic E!Periments 

(II-11) 

According to Krichmar, et a1.
21 the diffusivity of anodically formed 

copper phosphate can be represented by: 

. D = D exp (->.Cp) 
p po 

(6) 

It is difficult to obtain an analytical solution of Eq. (II...;l) because 

of this nonlinear representation of the diffusivity. To avoid this 

difficulty the following approximation is proposed: Under the 
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galvanostatic conditions 

D = D at t = 0 p po 

D + D 
D ~ 

EO ES at t 
pm 2 

D :::::: (_1/ 2 )( Dp ( t = 0 ) + D ( t = t ) ) pm , pm s 

. ~ ( 1/4 )(3D + D ) 
· po ps 

= t s 

·- for t = 0 to t = t 
s 

in which D , D , and D are the average diffusity of copper phosphate pm po · ps 

in the diffusion layer, diffusivity of copper phosphate at t = 0, and 

that in the solution at the anode surface at t = t • Then we have 
s 

_(D )1/2 ( .. D. )1/2 . ....E!! :::::: ~+~ 
D . 4 4D 
po . po 

In solutions of concentrated phosphoric acid, the ratio of D to D ·is ps po 

of the order -of 0.2 to 0.3. Thus we obtain: 

( ~pm )1/2 ~ 0.9 

pO. 

If D is used in the diffusion calculations and assumed to be constant, po 

the possible error in the calculation of i(t
5

)
112 may be of the order 

of 10%. A 10% error will not cause a serious problem in the diffusion-. 

kinetic study. 

.. 

•.. 
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APPENDIX III. ESTIMATION OF THE COMPOSITION AND PROPERTIES 
OF PHOSPHORIC ACID SOLUTIONS SATURATED WITH COPPER PHOSPHATE 

Equilibrium Relations 

Because of fairly strong acidity of the electrolyte supersaturated 

with copper phosphate, we need to consider only the following equilibria: 

and 

The equilibrium constants 

Kl 

K2 

K. 
m 

K1 , K2 , and -~ 

+ -' 

= 
(H )(H

2
Po4) 

(H
3
Po4) 

+ -
(H ) (HP04) 

= 
(H2P04) 

for phosphoric acid 

K 
m 

are 

for copper 
phosphate 

( III-,.1) 

(III-2) 

( Cu ++ )(H
2
Po4l 

(III-3) = (Cu(H2Po4)
2

) 

+ = ++ in which (H ) , (H2P04), (H
3
Po4), (HPo4), ( Cu ) , and ( Cu(H

2
Po4) 

2
) denote 

+ . - = ++ the activities of H , H2Po4,.H
3
Po4 , HPo4 , Cu , and Cu(H

2
Po4)

2 
respectively. 

From the conditions of electric neutrality, we obtain 

(III-:-4) 

in which m is molality. 
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_/ 

If m
0 

and mco are the initial molalitiet> of phosphoric acid and copper 

phosphate before dissociation, we may have the relation: 

m__ ~ = S(m a
1 

+ 2 m a
2

) 
~04 0 co 

m ++=m ·a Cu co 2 

Assuming 8 to be much smaller than unity, the following relations apply: 

Kl 
al 

(m a + 2 m cx
2

) y - . yH+ = 
1 - al 0 1 co H2Po4 

(III-5) 

and 
ct2 ' 2 2 

K = ( m al + 2 m .· a2) y H PO- . y ++ 
m. 1 - a 0 co 2 4 Cu 

2 
(III-6) 

·in which ct
1

, a
2

, 6, andy are the degree of dissociation of H
3
Po4 and 

Cu(H
2

P,o4 )2
, that of H

2
Po4 ,- and activity coefficient respectively. 

It is assumed here that the activity coefficients of copper phosphate 

can be estimated by the Debye-Huckel relation: 

(III-7) 

.. .. 
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and 

-log y± 
= ~1~ z+z -I C~.t)l/2 

1 + Bl a (J.l)l/2 
( III-8) 

in which z, 11, * and a are valence, ionic strength and mean ionic diameter 

respectively. There are two constants** A
1 

and B1 in the above equations. 

++ The mean activity coefficient y± and the activity coefficients of Cu 

and H2Po4 are related to their molal ionic activity coefficients by: 

and 

++ 2. Calculations of a, (Cu ) , and pH 

The degrees of dissociation of copper phosphate and phosphoric acid 

in solutions supersaturated with copper phosphate have been calculated 

by solving Eqs. (III-5) and (III-6) simultaneously for low phosphoric 

acid concentrations. The following data (for 25°C) were used: 

and 

K = 3.24 X lo-2 
m 

(Ref. 73) 

(Ref. 71) 

Following the suggestion of Mercadie, 71 a= 8.5 A is assumed (see Eq. 39). 

* 
Jl =(1/2)1: 

** A1 = 0.509 

B1 = 0.329 

2 
z.m. 

l l 
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APPENDIX IV. CALCULATIONS OF RESISTANCE BETWEEN .TWO 
PARALLEL ELECT.RODES IN A RECTANGULAR CELL 

Fig~e A-2 illustrates the two dimensional cell gemoetry under 

consideration. The shorter electrode, o
1 

a
1

, is located along the x axis 
. I 

---and the wider electrode, Cl d
1

, is at a distance g from the X axis. 

Width of the electrode, o
1 

a
1

, is f and that of the other electrode, 

c
1 

d
1

, h. Depth of the two electrodes is assume~ to be unity. 

The Schwarz-Christoffel transformation can connect the real axis 

in the t-plane with the boundary of. a rectangle in the z-plane in such 

a way that the upper half of the first plane transforms into the interior 

of the rectangle. In the z- and t-planes correspondi~ points are 

similarly lettered. The transformation from the real axis of the t-plane 

to the rectangular boundary in the z-plane is 

dz -= 
dt 

-1/2 -1/2 
r; (t - o)-1/2 (t - L) (t - L) 
1 ].12 )\2. 

(IV~l) 

\ 

which following integration yields 

z = 1';1 fc. t __ ..,....... ___ d;;;;..t;;_ ___ ;.._ __ + 

_ ; l/2 1 1/2 
o (t)l 2 (t - L) (t - -2) . 2 \ 

].1 /\ 

const. (IV-2) 

The point o
1

·in the z-plane and t = 0 have been made to correspond, so 

Let 

const. = 0 

2 
... L t - 2 

].1 

~. .. 
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X 

f 

z - plane 
z = X + JY 

1 
P-2 

b 

t - plane 

t = r + js 

l' 

h-----'t 
I 

a, 
+ ( f JO) 

1 
~2 

c 

+<X> 

d 

XBL 7112-2289 

f;lg. 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 partially covered with cuprous 
oxide. 
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Then, we get 

z = 

At point~' for one end of the electrode o
1 

a 1 , Eq. (IV-3) gives 

dr 

For the region 1 < t < 1
2

, the transformation equation is 
}J 

dr 

(IV-3) 

(IV-4) 

~z =JJJ 
2 r; .A 

1 0 

dr . fr 
/..2 2 1/2 + 

(1 - - r ) }J 
}J2 

2 1/2. >.. 2 2 l/2 
(1.- r ) (1-- r ) 

2 
11 

(IV-5) 

Let K - A/].1. At point b
1

, one corner of the rectangular cell, Eq. (IV-5) 

gives 

(IV-6) 

in which K(K) is the complete elliptic integral of.the first kind. For. 

the region ~ < t < ; , .the transformation equation is 
J.1 :\ 

f
r 

+ .. 

1 

dr (IV-7) 

r 2)1/2 (1 2 2 
112 

(1 ,... - K r.) 

.·, 

. . - ~ 



Let 

At point c, we have 
) 

and 

At point c , Eq. (IV-7) gives 
- 1 

r:: 
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K
1 = ~l 2 

- K 

2 2 -1/2 
(1 - K 1 p ) 

t = 

_ ...;;;z;.....,._ = K(K) + 
2 z:;1 A. 

j f l ____ _..;::;d.:__ ______ _ 

"(l - p2)(l - K'2p2) 0 

= K(K) + jK(K 1 ) 

Considering z = h + j g at point c
1

, we get 

(IV-8) 

(IV-9) 

The transformation from the real axis of the t-plane to the rec-

tangular boundary in the w-plane (uniform electrostatic field) is 

Integrating 

dw -= 
dt 

-1/2 
r;; Ct - o)-1 / 2 Ct - 1)-1 / 2 (t - L) 

2 >..2 

w = z:; Jt -;:===d=t====+ canst. 2 
0-- ~t (t -l)(t- h.)\ 

>..2 

CIV-10) 

(IV-11) 

I -

• i 
I 
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The point o2 in the w-plane and t = 0 have been made to correspond, so 

Let 

Then, we get 

2z;: fr w = 2 
0 

conts. = 0 

2 
t - r 

dr 

~ (1 
2 1 r )(--

A.2 

Let w = u + j v, then we get at point o
2 

u = 0 and v = 0 

(IV-12) 

2 
r ) 

At point a2 , the other end of the electrode o
2 

a
2

, Eq. (IV-12) gives 

(IV-13) 

Considering w = u + j v, we get at point a
2 

and 

v = 0 

Obviously, v represents potential and u electric flux.· For the region 
. 1 

1 < t < 
1

2 , the transformation equation is 
A 

W. K(A.) + /r 
21;: x= v(1 , 2 

1 

dr (IV-14) 

r 2 ) (1 ... A2r2) 
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2 2 -1/2 
r ~ (1 -1. 1 s ) 

Eq. (IV-14), then, gives at point c
2

_ 

or 

w 
-~- = K(A) + j K(l. I) 
21;;2 A 

u 
-.....;;0~'~= K(A} 
21';

2 
A 

and 
v 

0 
-~-= K(A') 
21;; 2 A 

(IV-15) , 

(IV-16) 

From Eq. ( IV-13) or Eq. (IV-16), in the steady state the total current, 

Q, to the. electrode o
2 

a
2 

is: Q = 21;;
2 

A K( A). The potential difference 

between the two electrodes is v
0

, and is given by v
0 

= 21;;2 A K(A'). Q 

and Rare given as follows: 

and 

Q = c v 
0 

R = _£ • _1:. 
K C 

e 

in which C,-£, and K are capacitance, dielectric constant, and electric 
e 

conductivity respectively. Finally, we get 

R -= 
R 

0 

h. K(A'~ 
g K(A __ 

in which R is the resistance between two parallel electrodes of equal 
0 

width in the _uniform electrostatic field: 

R = 
0 

1 
K 

e 

' 
(_. 
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APPENDIX Y. STABILITY OF CUPROUS OXIDE IN SAWRATED SOLUTIONS 

l. Derivation of Eq. l57l 

The over-all reaction representing the stability of Cu
2
o in acid 

(K) 

can be assumed to be the sum of an oxidation and a reduction reaction: 

oxidation reaction Cu2o + 2 H+ === 2 Cu++ + H2o + 2 e (L) 

reduction reaction cu2o + 2 H+ + 2 e = 2 Cu + H 0 2 
(M) 

The Gibbs free energy change 6Gk for the over-all reaction(K) is 

related to those of reactions L, ( 6G ) , and M, ( 6G ) , by 
l m 

. 1 ( ) 6G = - 6G + 6G 
k 2 l m 

(V-1) 

At equilibrium, 6Gk = 0, and 6G
1 

+ 6Gm = 0. 

The free energy changes are related to the activities of relevant 

species by: 

and 

6G =- 2 F E 
. l l 

++ 
=- 2 F (0.203 + 0.0591 pH + 0.0591 log (Cu ) ) 

6G = + 2 F E = 2 F (0.471 - 0.0591 pH) m m 

Combination of Eqs. (V-1), (V-2),, and (V-3) gives 

.· ++ 0.268 
log (Cu- ) = 0 .0591 - 2 pH 

(V-2) 

(V-3) 

(V-4) 
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NOMENCLATURE 

Definition 

English letters. 

Mean ionic diameter (A) 

Wave length (em) 

Distance between an anode and the tip of a 

capillary (em) 

Equivalent duct diameter (em) 

One half of the width of an anode or one half 

of the width of the uncovered portion of 

anode (em) 

Distance between two parallel electrodes in 

Fig. 6.1 (em) 

. ·Width of a counter electrode in Fig. 6.1 (em) 

Width of a unit compartment in Fig. 7.3 (em) 

Heat~transfer coefficient (cal/cm2 sec°K) ' . 

. . 2 2 
Apparent current density (A/em or rnA/em ) 

2 
Average·limiting current density (A/em ) 

2 Limiting current density (A/em ) 

2 
Local current density at x = x (A/em ) 

Applied current density (A/cm2 ) 

Diffusion current density (A/cm
2

) 

• 

. 
'•· 



• 

i ox 

i c.p. 

i 
le 

i av. 

i 
0 
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Current density for the formation of a copper 

oxide 2 (A/em ) 

Current density for the formation of solid 

copper phosphate (A/cm2 ) 

Peak current density (A/cm2
) 

Rate of degradation of a passive film (A/cm2 ) 

Exchange current density for the formation of 

• (
1
A/cm2

) cuprous ox~de 

Current density in the good electropolishing 

region (A/ cm2
) 

2 Average current density (A/em ) 

Exchange current density for the active 

. 2 
dissolution of copper (A/em ) 

i
1 

Rate of active dissolution of copper '(A/cm2
) 

i
2 

Rate of formation of cuprous oxide (A/cm
2

) 

k Parameter 'in Eq. 10 

k Mass transfer coefficient (em/sec) 

k Electric conductivity of a solution (1/~ em) 
e 

mco' mo' ~ +' mcu++, ~2Po4-' Il}rpo
4 

= 

m m Molality (mol/1000 g H
2
o) Cu(H

2
Po4) 

2
' i 

n Valence of a dissolved anode 

n' Apparent valence of a dissolved anode 

p Parameter in Eq. 43 

Distance between the center of an anode and 

an equipotential surface at x=O (Fig. 6.1) (em) 

t Time (sec) 
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Time required for the onset of an anode poten-

tial jump (sec) 

Time required for the onset of the drop of 

current (sec) 

Transference number 

Line of electric force 

Potential 

Complex potential 

Rectangular coordinate 

Valence 

Z = X + jy 

Area of. an anode ( cm2 ) 

Constant in Debye-Huckel equation, Eq. 39 

· Parameter in high electric field transport 

c ' ' 2 
equation, Eq. 82· (A/em ) 

Par.ameter in Eq. 82 (cm/V) 

Constant in Eq. 39 

Capacitance (F) 

,Concentration of a dissolved metal in equivalents 

Concentration of phosphoric acid (molarity in 

Eq. 43) 

Concentration of a diffusing species at the 

anode surface 

Concentration of a diffusing species at a 

point far from the anode surface 

Concentration at t = t 



• 
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C(O) 

c p 

c ps 

cpb 

c 
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c (0) r ~ 

c (t ) 
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c .f 
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'C 
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c 
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c 
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D p 

D 
po 

.D 
pm 
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Concentration at t = 0 

Concentration of copper phosphate (mol/cm3 ) 

Critical solubility of copper phosphate (mol/cm3 ) 

Concentration of copper phosphate in the bulk 

of a solution (mol/cm3 ) 

Concentration of phosphoric acid (mol/cm3 ) 

Concentration of phosphoric acid at t = 0 

(mol/cm3 ) 

Concentration of phosphoric acid at t = t s 

Concentration of phosphoric acid in the bulk 

3 of a solution (mol/em ) 

Concentration of phosphoric acid at the anode 

surface (mol/cm3 ) 

Solubility limit in Eq. 3 

2 Series capacitance per unit area ( ]JF I em ) 

Double layer capacitance (]JF) 

Parallel capacitance ( ]JF) 

. 2 
Parallel capacitance per unit area (]JF/cm ) 

Diffusion coefficient (cm2 /sec) 

Diffusion coefficient of copper phosphate 

(cm
2

/sec) 

Diffusion coefficient of copper phosphate at 

c = 0 p 
2 (em /sec) 

Me~ diffusion coefficient of copper phosphate 

(cm2/sec) 



D ps 

D ·pb 

D 
r 

D 
rb 

D rs 

D rm 

E 

E 
c 

E 
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F 

H 
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Diffusion coefficient qf copper phosphate at 

the anode surface (cm2/sec) 

Diffusion coefficient of copper phosphate in 

the bulk of a solution (cm2/sec) 

Diffusion coefficient of phosphoric acid 

(cm
2 /sed 

Diffusion coefficient of phosphoric acid in the 
I 

bulk of a solution (cm2/sec) 

Diffusion coefficient of phosphoric acid at 
. 2 
the anode surface (em /sec) 

Mean diffusion coefficient of phosphoric acid 

(cm2 /sec) 

Electric field strength (V/cm) 

Electrode potential with respect to a standard 

caramel electrode (V) 

Electrode potential (hydrogen scale) (V) 

Equilibrium 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 a sinusoidal wavy anode surface 

a:t t = t (em) 

Peak height at t = 0 (em) 

Total current (A) 

First dissociation constant of phosphoric acid 

(mol/1) 

• . 
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Equilibrium constant for reaction (G) (mol/l) 

Hydrolysis constant of cupric ions (mol/l) 

Dissociation constant of copper phosphate (mol/l)
2 

K(K), K(K'), K(A), K(A') Complete elliptic integral of the first kind 

L 

M 

N 

Q 

R 

R 

R ar 

R s 

R sc 

R 
T 

~ 

Rx 

R 
x,o 

s 

T 

Electrode length (em) 

Molecular weight of a dissolved metal (g/mol) 

Electrode rotations per second (1/sec) 

.Amount of electricity ( cou1.) 

Gas constant (1.987 cal/g-mol.°K) 

Electric resistance between two parallel~ 

electrodes (n,) 

Electric resistance between two parallel elec-

trades in the uniform electrostatic field (n) 

Diffusion resistance for a partially covered 

surface 

Diffusion resistance for a clean surface 

Electric resistance due to an electrolyte 

between an anode and a reference electrode (n) 

Series electric resistance (n) 

Electric resistance of an oxide film (Q) 

Reaction resistance (n • cm2 ) 

Double layer electric resistance (n) 

Parallel electric resistance (n) 
2 

Parallel electric resistance per unit area (n • em ) 

2 
Cross-sectional area for fluid flow (em ) 

Absolute temperature (°K) 
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Average solid film temperature ( °C) 

Temperature of a solution near an anode (°C) 

Mean fluid velocity (em/sec) • 
Center line velocity of flow in a rectangular 

channel (em/sec) 

Ohmic potential drop across an anode and a 

reference electrode (V) 

Applied voltage across an ano4e and a reference 

electrode (V) 

Ohmic potential drop across an anode and the 
' . 

tip of a capillary in the potentiostatic 

experiments (V) 

Weight loss of an anode specimen (g) 

Impedance across an anode copper and a reference 

electrode (Q) 

! . 
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Definition 

Greek letters 

Anodic transfer coefficient for active dis-

solution of copper 

i 
Degree of the first dissociation of phosphoric 

acid 

Degree of dissociation of copper phosphate 

Anodic transfer coefficient for the formation 

of cuprous oxide 

Apparent degreeof ionization of phosphoric 

acid in Eq. 43 

Symmetry factor in Eq. 56 

Degree of the second dissociation of phosphoric 

acid 

.Yi' Ycu++, YH+' YH
2

Po
4
- Activity coefficient of ions 

Y ±' Y ±ac' Y ±be, Y ±t, Y ±l Mean activity coefficient 

6 Diffusion layer thickness (em) 

E Dielectric constant 

Ef Dielectric constant of an oxide film 

n Ove:rvoltage (V) 

n2 Overvoltage for the formation of cuprous oxide (V) 

na Overvoltage for active dissolution of copper (V) 

nc Concentration overpotential (V) 

linf Potential drop across an oxide film (V) 

e Degree of coverage of an anode surface by a 

solid film 



K,K~A,A 1 

\) 
m 

p 

0 
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Modulus in the complete elliptic integral of 

the first kind 

Parameter in Eq. 6 

Ionic strength 

Viscosity 

Kinematic~viscosity 

(liter/mol) 

(mol/lOOOg H
2
0) 

(g/cm • sec) 

(cm2 /sec) 

Reciprocal of scan velocity in dimensionless 

form 

Density 3 (g/cm ) 

Specific resistance of a solution (~ • em) 

Temperature 

Angular frequency (rad • ,c/sec) 

Oxide film thickness (em) 

Dimensionless potential (Eq. 29) 

· Roughness factor 
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Dimensionless numbers 

NU"' Nusselt number 

• Gr Grashof number :.· 

Re Reynolds number 
j 

Sc Schmidt number 

,' 
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