Lawrence Berkeley National Laboratory
Recent Work

Title
SOLUTION-SIDE TRANSPORT PROCESSES IN THE ELECTROPOLISH-ING OP COPPER IN
PHOSPHORIC ACID

Permalink

https://escholarship.org/uc/item/8gh4g9rg

Authors

Kojima, K.
Tobias, C.W.

Publication Date
1972-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8qh4q9rs
https://escholarship.org
http://www.cdlib.org/

ViaAVERENCL
BAPIETIO | APORATURS

.

—— R g ” né

Submitted to J. of the RPN LBL-1106
Electrochemical Society 7

RIS YUARES SEREFD T )

MU UM TS SECTHIN

SOLUTION-SIDE TRANSPORT PROCESSES IN THE
ELECTROPOLISHING OF COPPER IN PHOSPHORIC ACID

K. Kojima and C. W. Tobias

July 1972

Prepared for the U. S. Atomic Energy
Commission under Contract W-7405-ENG-48

- ' )
For Reference

Not to be taken from this room

N —

Preprint °

9011-191

W



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-
-
o
i
G
o
.
L
¥, “
w5

-1~ S - LBL-1106
Preprint

SOLUTION SIDE TRANSPORT PROCESSES IN THE ELECTROPOLISHING
OF COPPER IN PHOSPHORIC ACID

K. Kojima and C. W. Tobias
Inorganic Materials Research DiVision,
Lawrence Berkeley Laboratory, and
Department of Chemical Engineering;
University of California, Berkeley

July 1972

i

ABSTRACT

Thé unsteady state anodic dissolution of cépper in5 - 10 M

phosphoric acid was carried out in the absence of convection, under
galvanoéfatic and potentiostatic conditions. At a given bulk concen-
tration of H3P04, the product of current density,'i, and the square
root of the time (ts) of onset of sharp potential risé (or abrupt
decline of current) is nearly constant in the active dissolution
range. i/?; decreases with increasing acid concentration. The
transition times found are in substantial agfeement with those reported
by Elmore and Edwards. By using the most reliabie diffusivity data
available for phosphoric acid and for anodically fdrmed copper
phosphate, it is shown that the rate limiting step in the active
dissolution regime is the transport of copper phbsphate from the
electrode surfacé into the bulk solution. The peak current phenomena
reported by numerous authors for steady state potentiostatic dissolu-
tion can be best interpreted by assuming rapid increase of coverage

of the anode surface with solid reaction product after the critical

solubility limit of copper phosphate is reached at the surface. The

Key Words: Electropolishing of copper Mass transport
Anodic dissolution of copper Phogphorlc acid -role of-transport-
: in electropollshlng of copper




concentration of phospﬁoric acid at the surface up to and includinglthe
peak current density where the critical solubilityv§f copper phdsphate
is exceeded, réhains finite. The magnitude of the péak current density
can be predicted by‘considering thé franspoit of copper phosphéte away

from the surface to be the limiting transport process.
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INTRODUCTION

Electropolishing of coﬁper in concentrated phosphoric acid occurs
under-diffueion controi (1,2). Although the constancy of the product
of current den51ty and square root of tran51t10n time in galvanostatic
unsteady state dlssolutlon has_been confirmed (3,4,5,6), identification _
of the rate-determining species at the current piafeau (2,3,4,7,8)_has
remained a controversial problem. Edwards 3) and Wagner (9) proposed
that transport of one of the.reactante from the bulk electrolyte to
the ahode surface is the rate-limiting process. The role of d1ffu51on
of water on the 11m1t1ng current was dlscussed by Petit (8). On the
other hand Elmore (4,10) clalmed that without 51gn1f1cant increase of
: applled cell voltage the current begins to decrease when the concentra-
tion of the dissolved copper species at the anode sUrfece reaches the
soiubiiity limit. Hickling and Higgins (7) found that the iimiting
current decreases proportionally to the decrease of concentration
difference of cupric ione between the anode surface and the bulk
‘electrolyte. However, Hickling and Higgins' test was pefformed in
.dllute phosphorlc acid (2M/1), where electropollshlng is not possible.

In the decades that have passed since the two essentially opp051te
transport mechanlsms have been proposed by Elmore and Edwards, a great
deal of - 1nformat10n has been developed on propertles of the phosphoric
acid-copper phosphate-water system. It appears therefore timely and
worthwhile to undertake a re-examination of the question of the

transport mechanism responsible for the smoothing and brightening



action during electropolishing. Optical observations (11) of the éopper
" surface undergoing dissolution, surface impedance measurements (12) and
ellipsometric studies (13), wetting characteristics (Mercury test) (1)

all point to the fact that visible as well as invisible surface layers

. play an important role in the polishihg pfocess, In a qualitative
study, preliminary to the present inveStigation;_the present authors

have found that in the unsteady state active dissolution of copper in

phosphoric acid the surface is free of solids. In steady state electro-

polishing, hoﬁever, solid material exists on and'near the surface.
These fihdings corroborate the observations reportéd earlier among
béthefs by'Lorking(11), and Hoar et al. m.

In fhe following unsteady state dissolution experiments are
described, which were conducted deliberately under conditions similar
- to those by Elmore and Edwagds. Transition timeé.in the active
dissolution regime are interpreted using the best available'transpbft
property Qalues.

The transport mechanism proposed on the basis of these unsteady

state experiments is then subjected to critical test using the peak -

current density data obtained by Hoar and Rockwell under steady state

potentiostatic conditions.




VDISSOLUTION OF COPPER UNDER GALVANOSTATIC CONDITIONS

Experimental Apparatus and Procedure

The experimental ceil is shown schematically'in'Fig.]l. This
simple ceil was pufposely designed to resemble ghevcell geometry -
employéd by both Elmore (4,10) and Edwards (3). Thé'straightvwall
of the cylindricai anode compartment parallel to the difecti§n_of
electric current flow and thé ratio of the heigﬁt of the anode_
compartment to its-diameter provide a geometry that gives a
lreasonably'uniform current denéify distribution over the entire
surface of the portion of the anode exposed.té fhe électrolyte.
The apﬁareﬁt area of the portion of the anode eqused to the
electrolyte is 1.46 cm2 and the inside area of the cylindrical cathode
‘eXposed.tp the eléctrolyte'is 38 cmz. During céll operation, thé ahqde |
disk»was in a horizontal position, facing upward.~Since a more dense
- solution is forﬁing upon anodic dissolﬁtion of copper, this‘configura- -
 tion éssurég absence of ethection during experiméntal runs. The

|

laminar free convection occurring at the vertical cathode didn't disturb
the immobile solution in the énode‘¢ompartment within the relgtively
short time spansv(0.2‘- 100 sec) involved in these e£periments.

Analytical grade phosphoric acid -(Baker, 85.9%)Awas diluted to desired
_éoncentrations (5 or 10 M) for each experiment. The cathode was made from
99.9% polycrystalline copper; the anodes were prepared either from the
same material, of cut from single crystais parallei‘to the (111)

plane. Anode specimens were mechanically polished, washed with

water and acetone, and subsequently anodically etched in concentrated
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Side view of the experimental cell.

A: Anode disk 1.27 cm dia exposed B: Plexiglass cell body

C: S5-cm dia copper cathode ring. v

Anode compartment: 1.2 cm high, cathode compartment: 2.4 cm.

H: Plexiglass anode holder R: 0.06 cm 0.d. reference capillary
junction. The reference electrode is a copper wire set in the
capillary tube.




H3P04. In a few instances chemical polish was used in a HN03:H3904:
HAc = 2:1:1'vol, solution. Dissolution experiments were carried out
at 22 + 1°C.

-After the current was cut off, anodes were'immediately removed,
washed with water‘aﬁd acetone an& dried at room témperafure for weigﬁt
loss measurements, or for microscopic observatioﬁ of the surface.
Anode surfaces were also observed in situ during dissolution hnder
relatively low (10-45x) magnification. Constant qufrent experimeﬁts,

“were carried out by using external control of current (a) or, by
pqtentiostatic control of the anode potential (b), involving
‘approximately 2 - 7 ohm resistance between referénce capillary tip,
and anode sﬁrface.

é).' thstént current supply was provided by an Electronic Measure-
ments Mo&éllc 621 power supply. The cell voltage was recorded by
Saréent Model MR recorder. Th;SAfechniques'was.used for transition
‘times of over 25.sec6nds. This fange allowed ongrvation of the
surface in situ under low level (10-45x) magnification.

b). Anotrol Model 4100 Potentiostat was employed td pfovide a constant
potential 5etween a reference electrode and the anode surface. In the
active.dissolution region the resistance between capillary tip and’
~surface was sufficiently large compared to thevimpedanée associated
with the electrode reaction, so that potent131‘COhtrol in this case
corresponded to controlling current, at 1éast up to the transition |

time. The current vs. time behavior was obtained by passing the cell

current through a calibrated resistor and recording the resulting
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potential drop on a Tektronix Model 531 oscilloscope. Transition times

" in the range of 0.2 - 5 seconds could be obtained Qith good reproducibility.

Visual Observation of the Anode Surface duiigngissolution

Typicél'cell voltage vs. time behavior in externally controiied
constant cufrent runs is illustrated in Fig. 2. After closing the
circuit the cell Qoltage abruptly rises to a plateau and then incfeases'
only élighfiy (40—60mV) to ﬁoint A,vafter thch fhe:increase is. quite
sharp (the fifst voltage jhmp). Visual observatioh under 10-45x magnifi-
cation'revéals, that at point A blue solid partiéles'(probably copper
phosphaté) begins to form at the anode. As point E is reached (the
second voltage jump) the number of particles becomes quite largé;-the
blue color is spréad over thé entire surface. fﬁe onset of formation
of smali particles of blue color at point A bécomes'less distinctfgt .
highér.applied curfent densities (above 0.05 A/cmz). At the highest
current density emplﬁyed in these experiments, at i = 0.0676 A/cmz,
identifiéation of two separate poteﬁtial breaks was no iohger possible.

Valence of dissolution

‘Weight loss measurements were carried out in runs extended up.to
the transition point A. The apparent valence of dissolution n' was-

obtained from

where I:total current (A), t:time (sec), M:molecular weight of_copper

(g/gmole) F:Faraday, AW: weight loss (g); From eight measurements, up
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| XBL 7111-7540
Cell voltage change with time for polycrystalline copper in

10.0sM/1 H3POy, i = 0.0362 A/cm? (six repeated runs are
indicated by solid— , and dashed -- lines). The apparent
valence is 2.0s. !
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toi= 0.038 A/cm2 n' = 2.0 was obtained. In,the following we shall
assume that in the active dissolution regime, copper anodically |
dissolves-in phosphorlc acid with a valence of 2. Visual 1dent1fication
of the appearance of solid blue particles at the time when the voltage
begine‘to.rise rapidly'ih galvanostatic experiments suggestslthat tﬁe‘
latter event is caused by the formatlon of solid. copper phosphate at

the anode surface The change of concentfation of ‘reactants, or of
‘reaction products at the anode surface is obtained by solving-the

. diffusion equation:

&
at

[+ %)
(@]

=D'

%

‘with initial condition: C = C(0) at t = 0

C(0) at x = = |
-nFD (gf) b
x=0 . - |

Neglecting migration effects, we get (Ref. 14)

and boundary conditions: C

[
H

[c) - co|,_, i; (;B)l/z S S

where C(0) and C(t) are the concentration of a reactant, or of a pfoduct at
the surface, respectively, and n is the number of electrons transferred

in the electrode process per gmole (or gion) of the part1c1pat1ng spec1es

considered.
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The concentration of a reactant or a reaction product at the anode
surface at the transition time t = ts has some characteristic vélce,
solcly'déterﬁined by the bulk composition, and fempcrature, independent
‘of applied constént current density. o |

Flgure 3 includes results from about 90 1nd1v1dua1 experlmentsv
obtalned by current control (0 031 - 0.0676 A/cm ) and potential
control (0.16 - 0.6 A/cm ) in 10. OSM H 4. In thlS range of.current
den51t1es) 1/?; = 0.36 + 0.015. Similar experiments'coﬁducted in f
5M H3P04 y1e1ded 1/" + 0.04, again 1nd1cat1ng, that the
transition time ts as defined by the time of onset of the first

voltage jump, is controlled by transport of one of the reactants,

or products.
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Fig. 3. Relatlon between 1/—- and i in 10.0gM H3P0q

(111) face of 51ng1e crystal (99 999%) was employed in runs at
1 =0.308, 0.485, and 0.591 A/cm®. All others involved were
99.9% polycrystalline copper. Number of experiments at a given
current density: 3-10. - B
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DISCUSSION

Comparison of Present Work with Previous Results

Figﬁre 3 éhows.thgt i/?; is nearly,iﬁdependent of current
density in the range of 0.03-0.6 A/émz. This is.in good agreemenf wi;h
vtﬁe resultsvobtained b; Elmdre'(4), Edwards (3), Krichmar (Sj and
Vozdyishensky, et.al. (6). In 10 M H3P04 the values of i/?;
_obtained by interpolation from Elmore's and Edward's work are 0.364 .
(at 23.5 - 24°Cj and 0.374 (at 25°C) réspectively{ very close to the
value of b.36 obtained in this research. -

The épparent valence of dissolved copper obtained in this work, 2.6
for the active dissolution of copper, ié in good.agreement with the
value 2.00 reported by Petit and Schmitt (15).

Relation between ivt_  and the Concentration of Phosphoric Acid:

If the values of i/?; are characteristic of the properties of
the electrdlyté, it -follows ;hat they should.be‘pnique functions of the
con;entration"of aqueous phosphdric acid at a giveﬁ température. In
Fig. 4 iV?; is plotted against the concentration of phosphoric
acid. 'The values obtained by glmore, Edwards, and by the Present
authors, are_in good agreement with one another; i?@;_ decreases
with increasing acid concentration. It is to bevnOtéd that the
signifiéaﬁce of this pattern of behavior was not'recognized by the
authors mentioned above.. |

" Diffusion Kinetics

The reactants and reaction products in the active dissolution of .

copper move to or away from the anode by migration and diffusion. The
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Fig. 4. Effect of the concentration of phosphoric acid in bulk, C_,,
X ) rb
on 1/ts. :
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! ' : ‘ ~
diffusion layer is built up corresponding to the applied current density,
time, diffusivity and transference number of a species participating
in the process.

According to Laforgue-Kantzer (16), copper dissolves in concentrated
phosphoric acid along the following over-all reaction scheme
Cu + HPO, + Hy0 = (CuOH)' (H,PO,)™ + 2H" + 2¢” reaction (I)
Krichmar and Galushko (17), on the other hand, claim that the copper
‘dissolution reaction may be described by

Cu + 2H,PO, = Cu®" (H,P + 2H" + 2¢7 reaction (II)

3 4 4)2

The first cell voltage jump may be expected to result
a) from the strong depletion of one 6f‘the reactants, that is,
| H3P04 or H20 in reaction I and HSPO inireactién 11, and
b) from the solubility limit of one of the reaction products
(copper phosphate*) being exceeded and a high resistive film
" being formed on the anode.
In case a., the concentration of a reactant Cr at the anode surface
fdecreases with time and reaches Cr >0att = ts; causing a sharp increase
of the concentration overpotential. Here, at t = teos the concentrqtion

of the reaction product is assumed to be below its solubility limit.

In case b., the concentration of the reactant at the anode surface

We use the termlnology ""copper phosphate' to denote the dissolution
product of copper in phosphoric acid.
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‘doesn't reach C >0 at t = t_,

Assuming that copper dissolution occurs with 100% current efficiency,

the foilowing relations (for derivation, see Appendix and also Ref. 18)

-are applicable at the anode surface in reaction I:

2F

i= 1—4—4—————— D_|VC for copper phosphate -
1=t P .
CuOH*
S i= L VC_| for phosphoric acid
. 1 -1t + T T ,
M CuOH
H* 2
In reaction II
2F

i= ——D ve for copper phosphate
bt ut+ P ’ 'PI o per plosphate...

"Cu

and

for phosphoric ‘acid

(3)

(4)

HON

(6)

i, tdu++’ tH+, v, Dp’ and D .are applied current-density, transference

number of Cu++, that of H , gradient, d1ffu51v1ty of copper phosphate,

and that of phosphorlc acid, respectively. Calculations of limiting

-current density in - terms of.water or H' concentration are not convenient .

because the necessary experimental data are not avallable The dif-

fu51v1ty of phosphorlc acid in the H3P04 - HZO system has been measured at
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25°C:by~0. W. Edwards and Huffman (19) and that of the anodic dissolution
product of copper in phosphoric acid at 2b°C by Krichmar, et al. (20).

We how choose fhosphoric acid as the reactant and copper phosphate
as the reaction product in our diffuéion calculétions. |

(Case a.)' If the first cell voltage jump is caused by the strong

depletion of phosphoric acid at the anode surface, because Of‘Cr(ts) =0

we get - |
t \1/2 I . ,
i(ﬁg) = ;;' ' /f-t - C b'_for reaction I A7)
T t . - ~ “CuOH* r : o
H* 2
and
t \1/2 : ‘
i3 S —Zﬁ - C . .for reaction 1I (8)
DI‘ 2 tH+ rb S

Assuming that the transference number 6f H® or CuOH' is éonstant, the
vtefm i tS/Dr should be proportional to Crb’ the:concentration_of
phosphoriq acid in the bulk of the electrolyte,.the driving force for

the diffusion of phosphoric acid. ‘The relation between i/@Z?E;;

and the concentration of phosphoric acid is shown by the solid curve in
Fig. 5, where the Values of i/f;' measui%d‘by Eimére,vEdwgrds, as well
~as those by the present authors are plotted. As shown, i/%;7ﬁ;;-
_decreasesvsharply as the bulk concentration ofvphosphoric aéid‘increasesf
A sharper decline of i tS/Dr with bulk H3P64'coﬁcentration would be

obtained, if we were to use some average value of diffusivity between

bulk and interface (D;m). This would correct upward the effective
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Fig. 5. Relation between ivty/D, and the concentrétion of phosphoric acid,
Crly- ithl')r was obtained from Elmore, Edwards, and in the present

work. ---curve indicates approximate pattern of experimental

results of arithmatic mean diffusivity Dyy = ;‘(Drb + Dpg). Dpo :

Dy for (H3P0 ) » 0. -—.—.— curve indicates qualitative behavior for
" Dym = = (Dyp + Drs), where Dpg denotes the value of D, at the

criticil solubility of copper phosphate. Because copper phosphate
increases considerably the viscosity of electrolyte, Dpp >> Dpg is
assumed.
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diffusivities. The correction would be proportibnally larger, the higher
. . . v . .
bulk poncentratlon{ because D m (1/2)(0rb + Dro) and the diffusivity

of H3P04 at the interface, D__, has the same (highest) value irrespéctive

TO
of Crp

| Qualitatively the reverse‘situation arises if we take into considera-
tion the effect of copper phosphate at the anode surface on the diffusivity
of phosphoric acid (case of Drm): because -of the ?resence of copper phosphate
.the viscosit} is highef at the interface than in the bulk. Conéequently
the relgtionship between i¢?;7ﬁ;;'* and H3PO4 concentration
would be described by a curve lying above the one obtained by assuming
D, = D.- Asa further test of the hypothesi; involving phosphoric .
acid as the limiting reactant, the ratio of calculated vs. experimentally

obtained i/f; ~ values are plotted in Figure 6. For reaction II the

calculated values were obtained by:

L 1/2 CF o1/2 .0 |
~1(ts) cale = 7 (Mp) 7 Cpy : : (9)

For diffusivities of fhosphoric acid, the bulk-vglues, Drb’ were
,employed, ahd the transference humber of hydrogen idn, tH*’ was assumed

to be unity. It should be noted thét both the use of arithmetic mean
values of diffusivities between bulk and surface, as well as the aésump-
tion of lower transference number for the hydrogen ion causes the ratios
plotted in fig. 6 to increase, i.e., to depart furthér from correspondence
of calculated vs. experimental valﬁes., Similariy,‘the discrepancy |

becomes larger, if we assume that the reaction stoichiometry is

Drm = (1/2)(Drb * Drs)
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| Fig. 6. Relation between i/?; calc/i/?; obs and the concentration of
‘H3PO4 for strong depletion of HzPO, at the anode surface (reaction
II). i/tg ca1c was obtained by Eq. (8) with Dyp.
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- represented by reaction I. Lowering of tH+ at the anode surface due to

large interfacial concentration of copper phoSphate_and‘low_inﬁerfacial
concentration of phosphoric acid could be expected when the bulk concen-

tration of phosphoric acid is low. ‘In:reaction I the calculated value

of i/?; increaseS'inversely'prOportional to the value of tyse As ‘shown

- in Fig. 6 the calculated i/f; obtained with t,, ~ 1 in dilute phosphoric

H*
acidvare, however, of the same order of magnitudebas those of the measured
i/?;.* The analysis of transition time data présented above, indi;ates
that available experimental evidence isvincongruenf_With a model in which
ghe transport limitation of phosphoric acid is rgsponsible for reaching
the limiting conditidn‘atTthe anode surface. If tﬁé trénsport of the
reactant solute (i.e., H3PO4) were to bg limiting, i/f;7ﬁ; should increase
rather thanAétfongly decline with bulk cbncenfrationni

We conclude therefore, that the transport of phosphoric acid is

not directly responsible for the limiting phenomena in the anodic

dissclution of copper.

. -
When the bulk concentration of H3PO is high (6 - 15 M), its interfacial
concentration is also quite appreciagle (approx. 4 - 10 M), while that of
copper phosphate is much lower (1 - 2 M) (18). . For this reason t , should

‘be not far from unity at the interface. However, even if we assumed t

0.5, ivt /D 1(/1/t 7Dr o

+ =

- strongly increases with bulk acid concen%ration,
v r_ca .S %s,‘ : '

rather than approaching unity.
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(Case b.) We wili now proceed and assume that the interfacial
concentration of H3P04 is not approaching zero at the anode surface,
rather it will have some finite value. The transference number of

. ’ ) R
hydrogen ions, tH*’ then, will be close to unity, - and that of copper

ions,vtCu++, will approach zero.  For CP(O) = 0_§nd'Cp(ts) = Cps we get

t \1/2 1/2 | -

1 ﬁi = I‘Tféﬂl_—" C s reaction I - (10)

: P cuox* P :

. or
. /
t \1/2 a1/2 A Lo
‘i ﬁé' = T—gé%l——- C s . reaction II _ (11)

P Cut+ P ' : _

Assuming tc, o+ > O and tCu** + 0, we obtain the simplified relation: .

D s
p P

i(fi)l/z =rml/? ¢ o . _kiz)

for both reactions I and II. If thé first ;elivvéltége jump is caused

: By reaching the solubility limit of'coppéf phosphéte, followed by thé
formatio§ of a resistive film, . i'ts/Dp should'ﬁe proportional't§'.

the sblubility of copper phosphate, Cps' For putpbses,bf this calcﬁia-
tion we émploy Hickling and Higgins' expgrimental vélues (7) fér thé
solubility of Cuf+in phosphoric acid at 20°C. Diffusivities of |
anodicaliy forme& copper phosphate were measured by Krichmar, ef 81;‘(20). .
Because of the complex wéy iﬁ which the concentration dependent

V*According to Kerker and Espenscheid (21) tH* in 4M H.PO ‘is 0.89. In

Chapman's critical review of transport properties  (22) the range .
of ty+ = 0.93 + 1.0 is given for 4 + 12 M_H3P04.*
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| diffusivity influences ts’ values of i“t§7D in figure 7 have been .
evaluated using two different diffusivities:1) Dp‘ the diffusivity of
_Cu++ at very low concentratlon (i.e., correspondlng to conditions in

the.bulk), and, 2) Dﬁm’ the arithmatic mean of Dpo.and Dp (dlffu51V1ty

at critical solubility). As shown in Fig. 7, in the range of phosphoric -

vagid concentratiOn (4-15 Mj the value.of i tS/Dp0 or i ts/Dﬁm’ in fa§t,
increases approximétely directly proportionally with the squbility of
- copper phosphate (1.3 - 2.4 M/1).

Another test can be made by examining the relation between i/E;7ﬁ;
and (CpS - Cpb) for_a fixed Cés and a variable Cﬁb; Edwards (3) found
that for a given phosphoric acid concentration the value of i/f;
decreases with the increase ovapb. However, because of 'lack of
_diffusivi;ybdata of copper phosphate the relation between i¢?275; and;
(Cps.* Cpb)'was not investigated. This relation a$ eva1uatéd by the
pfesén;faﬁthors is shown in Fig. 8. i/f; and Cpb were ‘obtained from .
Edwards (3). For the diffusivity of copper phosphate its value in thé
_bulk phosphoric aéid (50%) is used. Direct proportionality of i/f;75; to
(Cpé _'Cpb),is again demonstrated. ‘Thus, in contrast to the inter-
pretation of Edwards, his data on the effect ofbpresence of Cu’” in
the bulk electrolyte indicates that the onset of voltage rise is
caused not by the depletion of H3P04, but rather by the accumulation
of copper phosphate at the anode surface.

It remains to be tested whéther the proportiqnality constant is

in good agreement with the constant theoretically obtained. ‘For the

purpose of this test, the experimental values of i/ts are plotted
i :
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Fig. 8. Relation bétween ins/D and the concentr&tion difference of
csgger phosphate betweeg anode surface and bulk electrolyte.
ivtg and Cpb data were taken from Edwards (3).
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against ,

i(ts)iéic - F(pr)l/ZCps L | | : ; a2

Figure 9 shows that for Dpo the calculated values are over a wide rénge

in reasoﬁable agfeement with the measured values of.i(ts)l/z. The
rétioé 6f calculated to measured values are about 1.1 for Dpo and 1;3
for Dﬁﬁ féspectgvely.* The above'argﬁment gives strong.éuppo?t to the
view thét the first ceil voltége jump is caused by reaching the
solubility limit of éopper phosphate followed by fﬁe’formation of a
resistive film (18, 23). If the first cell voltage jump is really‘f
caused by the criticai solubility of copper phosphate, the conCentra;
tion ofsphpsphdric acid at the anode.surfacelatgt ='ts, Cos> is highér
than zerb. In Fig. 10, values of Crs’ calculated by using Eq. 7 or 8
| are comparéd to those obtained by chemical analysis** (17,24). Thé-
calculafed Crs values are in fairly good agréemenf wifh the measured
concentrations of free phosphoric acid in the aholyte.vahe concenfra-
tion of free phosphoric aéid afvthe interface incrééseé wifh the
increaseiof the concentrationrof phosphoric acid invthe bulk of the 

electrolyte;

* . . : '

If we were to take into account the possible contribution of migration
of Cu** (or CuOH*) to the mass flux, the agreement between experimental
and calculated values would be further improved.

* % .
The following assumptions are made: B
total concentration of = free phosphoric acid concentration +
phosphoric acid ’ concentration of+ghosphoric acid

and combined with Cu™

of phosphoric acid - of phosphoric acid X

=00

tbtal'concentratiOf] x [total concentration

'yl
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. Relation between 1#@2 calc and 1/%2 obs in the case of the reaction
- product contrel. i/tg ca1c was obtained by Eq. (12'). Range of
bulk concentratlon of H3P04 4 < Cyp < 15 M. The slope of -
ivts obs VS. ivtg calc line is about 1.1 for. Dpo and 1.3 for D}

m
respectively. P
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Fig.vlo.» Concentration of ﬂhosphoric acid at the anode surface, C.g, as the

function of bulk phosphoric acid concentration, Cpp. Lines I(1)

and I(2) are for reaction I and lines II(1) and II(2) for reaction
II. : C
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When coppér ﬁhoséhaté deposits on the anode surface the interfacial
concentrationvof phosphoric acid, Crs,‘is‘higheétbfor reaction I and
lowést for reaction II. Simultaneous occurrence of both reactions would
lead to intermediate values of C.q |

'Theirésult’dbtaihed from the foregoing diffﬁsion—kinetic¢study as
well‘as.the ¢§idence for the formation of coppernéxides at the current

(T
plateau (18) con

clusively supp;rt the'view that the first cell voltage
jump in galvanosLaticexperimeﬁts or the current decreasevin potentiof
static experimenis is caused b} reacﬁing the critical solubility of
copper pﬁosphatesfollowed by the formation of a resistive film on the

anode surface.
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PEAK CURRENT DENSITY

In the_ac;ive dissolution of copper} the anodic current density
increases with the increase of anode potential acébrding to.the Tafel
relation (18). Under given hydrodynamic éoﬁditibng,’the concentration
»of éopper'phosphate increases with the increase of anode potential, and
finaily réaches the critical solﬁbility. .It-is importantlto evaluate,
whether the onset of sharp potentiél rise -in gaivaﬁoStatic (unsteady
‘stafe diffusion) experiments (3,4,18) is caused by the same mass
transport mecﬁanism as the occurrence of the peak current density*
phenomenon in steady sfate anodic polarization runs obtained in forced
convection (1).

Invlaminar forced convection, the correlation (26%27)

Nu = 1.85 (Re Sc d—)l/3 |

(13)
can be.used as an accurate fepresentatioﬁ of mass ;ransfer.tovan'electrodg
in a flat duct, when the concentration of a reactant or a reactibnii
product is kept constant over the whole surface of the electrode. Nu;
Re, Sc, d, and L are Nusselt. number, Reynolds number Schmidt number,
equivalent duct diameter, and electrode length, respectlvely

For the particular electrode conflguratlon in a horlzontal

rectangular channel such ‘as the one used by Hoar and

* o ' .

Using the analysis developed by Selman (25), we find that the
potential scan velocities employed by Hoar and Rothwell indeed allow
reaching the steady state. '
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* ) . . o .
Rothwell, the limiting current is difficult to estimate. However, the

proportionality

i | o '
Bk o p2/3 y1/3 o S (14)

e

is‘still'expeéted fo be valid (ipk is the peak.current density and V is

the center line velocity of flow in the duct.). For a given phosphoric

1/3. Examination of Hoar and
Rothwell's data shows indeed proportionality of ipk,to Vi3 for the

acid concentration, we have (ipk/F) © V
entife range of H3P04 concentration employed (GJIO M). This suggests
that the peak current densities are greatly affected by the hydrodynamic

conditions near the anode surface.

If the peakzcurrentidensities are caused by the strong depletion of

phosphoric.acid, the values of ipk/Dr2/3v1/3 should be prbportional to

the concentration of phosbhoric acid in the bulk electrolyte, the driving

force for mass transfer.
The viscosity of the electrolyte saturated with copper phosphate
at the anode surface is several times hlgher than that of the bulk

" electrolyte (18 24). This should cause lowering of ‘the diffusivity of -

phosphorlc ac1d in the diffusion layer. Since there is no information

|
The veloc1ty boundary layer in this cell is not fully developed at the
leading edge of the electrode. Further, because of the circular geometry
of the anode, |the mass transfer boundary layer thickness varies across
the anode, not only in the direction of flow, but also in a direction
normal (90 ) to it.
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available en fhe effect of Cu'’ concentration on the_diffﬁ;ivity'of
phosphorlc ac1d two cases are con51dered a) the effective diffusivity
of phosphorlc acid in the diffusion layer is assumed to be equal to ‘the
diffusivity of phosphoric acid in the bulk electrolyte, D b’ b) the
effective diffusivity is same as the one corresponding to the cencentraf
tion at the surface. AUsing‘either of theée diffusivity estimates, the

2/3 1/3

ratio 1 /D decreases with increasing bulk concentration of

H3P04. This result indicates that the peak current cannot be explalned

by the limiting transport of phosphoric acid.
I1f on the other hand the peak current phenomenon is caused by the
attainment of the critical solubility of copper phosphate followed by

the coverage of the surface by solid deposits we should expect that:

i

' 2/3 * | '
—5-‘/13 .p (cs-cpb) . | (13)

A feasonable-confirmation of this prdportionalipy is demonetreped in'Fig.
li, in whicﬁ the experimental peak current deneities are those by Hoar
and Rothwell (1). Again, ae in the analysis of dete obtained under
galvanostatic eonditions in pure diffusion, weiconelude that the ceptrol-

ling step in‘‘the active dissolution range and up to the peak current is

the transport of copper phosphate from the surface to the bulk eleetrolyte.

i . . ,.1/3

For purposes of comparison, values of i/V calculated with the current

Because of a narrow range of the critical solub111ty of copper phosphate
1n the concentratlon range of 6 M HzPO4 to 10 M HsPO,, proportionality of

/V 1/3 to Dp 2/3 (C - C b) is tested. me (1/2)(D + pr).

R
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density at the polishing pléteau, i as obtained by Hoar and Rothwell,

pol’
are also shown in Fig. 11. The behavior demonstrated by ipol is also
consistent with the controlling role of the transport of copper phdsphate

from the surface into the bulk electrolyte.

Concluding Remarks

In the foregoing we have compared new results of unsteady state
experiments on the anodic dissolution of copper in phosphoric acid in

the active dissolution regime with those obtained earlier by Elmore and
‘ _ | ‘ . v :
Edwards. Transition times in 5 and 10 M H3P04

those reported by the above authors. Analysis of transition times by using

agree very well with

the best available diffusion coefficient and solubility data leads to the
conclusion that in the limiting current phenomenon characteristic 6f

the electropolishing of copper, transport of phosphoric acid is not.thé
limiting brocess. The solubility limit of copper phosphate {s exceeded
while the concentration of phosphoric acid is still>quite appreciable at
the anode surface. This interpretation is congruent with the peak
current density values reported by Hoar and Rothwell for glectro—
polishing of copper in steady state laminar flow. A more precise and
definitiyevdescription of the controlling transbort'mechanism willzbnly
be possiblé, whpn more extensive information bécdmés available on'fhe

properties of the ternary system cu’t - H3P04 - HZO‘
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APPENDIX. Derivation of Eqs. 3-6 (see Ref. 18)
Reaction I

Cu + HPO, + HZO = (CuOH)*(H2P04)‘ +2H" + 2¢” (over-all) (A-1)

t

w* " topo; T fcuowt Tt | (A-2)

274

in which we assume.only the fifst dissbciation{prH3P04 and neglect
The increase of‘[(CuOH)+(H2PO4)-] per

"HpO7 *poz ours> A foy-

unit time-at the anode by migration is (i/2F)(l-tCuOH+) and the decrease

of [H3P04]v15 (1/F)tH+ - (1/2F)(1—tCuOH+}. Thus, we obtain

i

1-t, ) =-DVC |
F ( CuOH*- PP |
or L for (Cuou)*(nzpo4)‘ (A-3)
. . 2F.
i=-—"""" p |vC_|
g'l-ffCuOH+ PP
N i _
and v FttH+ - 3F (1 - tCuOH*) = DrVCr | |
for HSPO4 (Af4)
. F '
i= D_|vC I
. 1 - tCuOH*_ r''r .
H* 2 '
Reaction'II
. + - A : .
Cu + 2H3PO4 = Cu(H2P04)2 +32H» + 2e (ovgr—gll)

St t E _F ta 4+ =1
H H,PO; © “Cu .
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The increase of'[Cu(H2P04)2] per unit time at the anode by migrétion_is

(i/2F)(1-tCu++1 and the decrease of [H3P04] is (i/F)tH+. Then, we.

obtain
. 2F - :
Cu L
and | i = —E—-D |ve | for H,PO
' ‘ ' r 374

tH+
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NOMENCLATURE -

s.ymbol o | Definition

d _ . Equivalent duét diameter.(;m)

i : : Apparent current density (A/cmz)'

ipol Curreﬁp Qensity in goodielectropqlishing region (A/cmz)

ipk - Peak current density (A/;mz)

n -i - Number of elecﬁrons transferred in the efectrode process

n' ' ' Apparent valence of a dissolved anode

t ' - Time (sec) |

tg o | Time required for the onset of an aﬁodé potential
jump ‘(sec)

FH*’tCu++’tCu6H+ Tranéference numﬁer

X . : Réctangular coordinate

C(t) - | 'Concentration at t=t (mol/cms)

= Cp | Concentfation of copper phospha;e (mol/cms)

¢pb ' 'Concentration‘of copper phosphate in thé bulk solution

' (mol/cms) |

Cps ' o Solubility of copper phosbhaté (mol/cms)

Cr | ' Coﬂcentration of phosphoric ééid (mdl/cms)

Crb | - Concentration of phosphoric acidlin the bﬁlk solution
(mol/cms) .

D S bv Diffusion coefficient (cmz/sec)

Dp R | Diffuéion coefficient of copper phosphate (émz/seé)

Dpo | ﬂ Diffusion coefficient of copper phqsphate at Cp=0

(cmz/Sec)
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: _ , P :
Diffusion coefficient of copper phosphate in the bulk.

solution (cmz/sec)

(1/2)(Dp$ + pr) (cmz/sec) R ,
(1/2)(Dps + Dpo) (cmz/sec) . - ' ‘ ig
Diffusion coefficient of éopﬁer phosphate.at the

anode surfacé (cmz/sec) | | |
Diffusion coefficient of phoéphoric acid (cmz/sec) g
Diffusion coefficient of phosphoric acid at c; >0 (cn’/sec) 5
Diffusion coéfficient of phosphoric acid in the bulk

solution (cmz/sec)

Diffusion coefficient of phosphdric acid at the_anode

surface (cmz/sec) |

(1/2)(Drb +D_) (cn’/sec)

(1/2)(Drb + Dro) (cmz/sec)

Faraday's constant (96500 coul/gm.eq.)

Total current (A)

Electrode léngfh (cm)

Molecular weight of a'dissoived.metal (g/mol)

Center line velocity of fIOW_in.a rectangular chahnel : ‘
(cm/sec) .‘ | :v o %
Weight loss of an anode specimen (g)

"Dimensionless numbers

Nusselt number
Reynolds number . o |

Schmidt number
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This report was prepared as an account of work sponsored by the
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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