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Cathodic polarization of copper electrode
in CuCN-KCN solutions and the current distribution
for copper deposition on grooved substrates
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The cathodic polarization of a copper electrode in CuCN/KCN solution was interpreted by con-
sidering the diffusion and migration of all ionic species, chemical reactions involving cyano-copper(1)
complexes, and the quasiequilibrium of charge transfer reaction. Experimental polarization curves
were compared with theoretical ones, where the diffusion layer thickness was determined. The present
model was applied to the prediction of thickness distribution of copper coating on grooved sub-
strates. Two types of substrates with grooves of different size (width x depth), (a) Smm x 5Smm and
(b) Imm x I mm, were used. Agreement between theory and experiment was satisfactory for sub-
strate a, but not for substrate b. The effect of convective mass transfer in the groove was discussed.

List of symbols

concentration

thickness of diffusion layer
diffusion coefficient
electrode potential
Faraday constant

current density

exchange current density
ionic strength

flux of species i
dimensionless current
absolute temperature
charge number of species i
overall formation constant (in terms of
concentrations)
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1. Introduction

Copper plating in a cyanide bath is a widely used
industrial process. Although the importance of cur-
rent distribution is well recognized in determining
uniform and coherent deposits [1-3], few basic re-
searches have been reported on copper deposition
from cyanide solutions. Current distribution is par-
ticularly important in fabrication of microelectronic
devices.

Qualitative explanation has been given to the po-
larization phenomena in copper deposition from cy-
anide solutions [4-6]. Glasstone [4] examined the
equilibrium potential of copper as a function of the
CN/Cu ratio, that is, the ratio of the total cyanide
concentration (ca) to the total copper concentration
(em), and considered that the complex ions Cu(CN);

0021-891X  © 1997 Chapman & Hall

B overall formation constant (in terms of
activities)

¢ electric potential in solution

Superscript

0 bulk of solution

Subscripts

m  Cu(CN)Y" V" ion (m =2,3,4)

CN CN- ion

A total cyanide ion

M total copper ion

S K™ ion

and Cu(CN)%f can both exist. From the observations
that stirring has a significant effect in reducing
cathodic polarization, he concluded that both com-
plex ions dissociate rapidly. It was supposed that
stirring retards the increase of the CN/Cu ratio at the
cathode. Kuwa et al [5, 6] measured cathodic po-
larization under a large variety of conditions. They
considered that a kind of concentration polarization
occurs due to the liberation of CN~ ions in the
electrode reaction.

Cu(CN); +e~ — Cu+2CN~ (1)

Gerischer [7, 8] investigated the charge-transfer
kinetics of metal deposition from complex electrolyte
solutions by potentiostatic and a.c. impedance mea-
surements. In [7], he referred to a possible effect of the
concentration change of ligand anion on cathodic
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polarization. Costa [9] performed detailed investiga-
tion on the kinetics of copper deposition by a rapid
potentiostatic method and a galvanostatic double
pulse method. He reported a stationary current—po-
tential curve which showed characteristics of diffu-
sion phenomena: the charge transfer coefficient was
too small (¢ = 0.032), and dependent on stirring. Bek
and Zhukov [10] discussed cathodic polarization
taking into account the diffusion and chemical equi-
libria of different cyano-copper(i) complexes. In the
theoretical modelling of pulse plating of copper-
containing alloys, Ruffoni and Landolt [12] referred
to the role of the cyanide ions liberated at the cath-
ode. However, there has not been a theoretical
treatment of concentration polarization which takes
into account the diffusion, migration, and chemical
reactions at the cathode.

In a previous paper [13], a numerical method was
proposed for calculating steady-state current dis-
tribution which is controlled by diffusion and mi-
gration of ions. Thus, diffusion—-migration equations
for all ions were combined with a differential equa-
tion which, at steady state, reduces to Poisson’s
equation. As reported in preliminary papers [14, 15],
this method can be applied to copper deposition from
cyanide solutions.

The present paper describes a theoretical treatment
of polarization in copper deposition and its applica-
tion to the thickness distribution of copper deposit on
grooved substrates.

2. Equilibrium potential of copper electrode

To discuss the concentration polarization at the
cathode, we first consider the equilibrium potential of
a copper electrode in a cyanide bath which is pre-
pared from CuCN and KCN. Assuming equilibria
involving three types of cyano complexes,

Cu' +2CN~ = Cu(CN); (2)
Cut +3CN™ = Cu(CN)> (3)
Cut +4CN™ = Cu(CN)} (4

the concentration of each copper species, in M
(moldm~3), can be expressed as

[Cu*] = en/ (1 4+ Bo[ONF + B [CNT’
+ pilCNT') (5)
|CuCN) 7| = ewp[ON)"/ (14 BolONT?

+ B5[CNT] + B, [CN7]4)
(m=2,3,4) (6)

where f, is the overall formation constant of
Cu(CN),(nmfl)f in terms of concentrations. Figure 1
shows concentration of each copper species which is
calculated from Equations 5 and 6 using literature
values of 3 =1 x 10%, g} =3.8 x 10%, and =
2 x 10% (in terms of activities) [16] for f,, B3, and S,
at 25°C. The CN/Cu ratio is written as
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Fig. 1. Logarithms of relative concentrations of different copper
species as functions of log [CN~]. The CN/Cu curve (broken line)
was calculated for ¢ = 0.5m.

2B,[CN7J + 3B5[CN7]* + 4B,[CN]*
1+ B,[CNT + B3 [CNT]’ + ,[CN]*
(7)

If ¢y is given, Equation 7 determines the CN/Cu ratio
as a function of [CN~]. The broken line in Fig. 1
illustrates such a relationship for ¢y = 0.5M. Since
the CN/Cu ratio is usually greater than 2.5 in prac-
tical plating baths, the copper species which can exist
in significant  concentrations are Cu(CN);,
Cu(CN)3~, and Cu(CN)3~. (Cu* can be neglected.)

The Nernst equation for the copper electrode is
given as

E =E° + (RT/F) Inag,:
— E° + (RT/F) Inycy + (RT/F) In[Cu*]  (8)

ca _[CNT]

‘M M

where E° is the standard electrode potential and yc,+
is the activity coefficient of Cu™ ion. Introducing
Equation 5 into Equation 8 and using the formal
electrode potential E° = E° + (RT/F) Inyg,, the
following equation can be derived.

E=E" + (RT/F) In {CM/(l + B,[CNT
+ BICNTT + BilONTTH | 9)

If ¢y is given, E can be calculated as a function of
[CN7]. Thus Equations 7 and 9 determine the re-
lationship between E and cp /ey, where [CN7] is an
intermediate variable.

Figure 2 shows experimental and theoretical re-
lationships between E and ca/cy under three differ-
ent conditions. In theoretical calculations, values of
p, at temperature 7 and at ionic strength / were es-
timated from the enthalpies of reactions (Appendix A)
and activity coefficients of ions (Appendix B). The
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Fig. 2. Equilibrium potential of a copper electrode in cyanide so-
lutions. Theoretical curves were obtained from Equations 7 and 9
for ey = 0.5M at (a) 15°C, (b) 30°C and (c) 60 °C. Experimental
data are shown by: (O) Glasstone [4], 15°C, (A) Kuwa et al. [5],
30°C, and (OJ) present work, 60°C.

theoretical curves are substantially in accord with
experimental data. When a cathodic current is pas-
sed, the CN/Cu ratio at the electrode surface in-
creases due to the liberation of cyanide ions from
cyano-copper complexes, and therefore the electrode
potential shifts in the negative direction. Thus, con-
centration polarization occurs. For detailed analysis
mass transfer of all species as well as chemical reac-
tions in the diffusion layer must be considered.

3. Concentration and potential distributions
and polarization curves

We assume a stagnant region near the cathode and
consider diffusion and migration of K*, CN—,
Cu(CN);, Cu(CN);~, and Cu(CN);~, and the fol-
lowing chemical reactions:

Cu(CN); + CN™ % Cu(CN)2™  (10)
Cu(CN)}” + CN™ % Cu(CN);™  (11)

Here v, and v, represent the net rates of reactions
which are functions of location and time. Using
subscripts S, CN, 2, 3, and 4 for K™, CN~, Cu(CN);,
Cu(CN)3~, and Cu(CN)3~, respectively, the rates of
changes of concentrations are given as

Ocg /0t = =V - jg (12)
deen /0t = =V jon — Va — Vb (13)
0cy /Ot = =V j, — v, (14)
dc3 [0t = =V j3+va — W (15)
Ocy /Ot = =V j, + v (16)

e

where j; is the flux of species 7 [1]. When ions mov
migration and diffusion, j; is expressed by

.ii = —(ZiFDjCi/RT)V¢ - Divci (17)

where z; is the charge number of species i, D; is the
diffusion coefficient and ¢ is the electric potential in
the solution. Eliminating v, and vy, from Equations
13-16, the following differential equations can be
derived:

d(ca+c3+ca)/ot ==V (s +j3+Js)
O(cen + 22 +3c3 +4c4) = =V (on + 22
+3j5 +44)

(18)
(19)

It is convenient to use cp and ca as additional vari-
ables.

cM=¢C+c3+cey (20)
cA = ccoN + 2¢2 4 3c3 + 4ey (21)

Combination of Equations 12, 17-21 yields
Ocs /0t = (F/RT)V - (DscsVp) + V+-DsVes  (22)

Ocym /0t = — (F/RT)V . {(D26‘2 + 2Dsc3 + 3D4C4)V(}')}

+ V- (D,Vey + D3Vesy + DyVey) (23)
Ocp /Ot = — (F/RT)V - {(Dcneen + 2Dac;n
+ 6Ds3c3 + 12D4C4)V¢}
+ V- (DcnVeen + 2D3 Ve
+ 3D3VC3 + 4D4VC4) (24)

If we assume equilibria of Reactions 10 and 11,
concentrations ccn, ¢z, ¢3 and ¢4 are related by

(25)
(26)
where K3 and K, are the consecutive formation con-
stants of Cu(CN);~ and Cu(CN)j~, respectively

(K3 = B3/Py,Ka = B4/ 3). The potential in the solu-
tion obeys Poisson’s equation

Vi = —(F/e)(es +em —ca) (27)

where ¢ is the dielectric constant of the solution. As
described in the previous paper [13], we can postulate
a differential equation

c3/cacen = K3

c4/czcen = Ky

a0t = o {V2¢ + (F/e)(cs + oM — cA)} (28)

in which « is a hypothetical constant. Equation 28
reduces to Poisson’s equation at steady state
(0¢/0t =0). The partial differential equations
(Equations 22-24 and 28) can be transformed to the
corresponding difference equations, which, in com-
bination with Equations 20, 21, 25 and 26, can be
solved numerically to give steady-state values of
s, CM, CA, CCN, C2, C3, C4 and ¢

Boundary conditions at the electrode surface un-
der a constant current can be formulated as follows.
Since K+ and CN~ do not move across the electrode—
electrolyte interface, the flux of K+ and the total flux
of cyanide in the direction (n) normal to the electrode
surface are zero. Thus,
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—(FDsCs/RT)a¢/8n - DsaC‘S/aI’l =0 (29)
(F/RT) (DcNCCN + 2Djcy 4 6D3c3 + 12D4C4)8¢/6n
— (DCNGCCN/Gn + 2Dy0c,/On

+3D30c3/0n + 4D4yOcs/On) =0 (30)

The total flux of copper at the electrode surface is
related to the current density i:

i = {(Dacy + 2D3c3 + 3Daca) /RT O | On
— (Dz@CZ/an + D38€3/8n + D46C4/8n)/F (31)

The equation of electroneutrality can be used as the
fourth boundary condition:

cs+oem—ca=0 (32)

Equations 20, 21, 25, 26 and 29-32 determine the
values of eight variables (cs, ¢m, ca, ccn, €2, €3, Ca
and ¢) at the electrode surface.

For simplicity all the D; values are assumed to be
identical (D; = D). It is convenient to use the fol-
lowing dimensionless quantities:

Cm = em/cYy, Ca = ca/cdy, Cs = cs/cy,

® = F$/RT, J = il |FDcy, (33)

Here ¢, is the bulk concentration of total copper and
[ is the characteristic length. In later discussion, / is
represented by the thickness of diffusion layer d in the
one-dimensional case, and by the width of a groove in
the two-dimensional case.

Figure 3 shows an example of one-dimensional
distributions of concentrations (solid lines) and po-
tential (broken line) calculated for ¢§; = 0.08 M, ¢} =
0.18 ™, cg = 0.1 M (the composition used by Glasstone
[4]), T =288 K, and J = 0.5. The distance x is taken
from the surface of the electrode. It can be seen that
free CN™ ions and copper complexes with larger CN~
coordination numbers accumulate near the electrode.
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Fig. 3. One-dimensional distributions of concentrations and po-
tential in the diffusion layer. cg,l =0.08 M, COA =0.18 ™m, cg =0.1m
(the composition used by Glasstone [4]), T = 288K, f, = 1.1
x 10%, B3 = 2.0 x 10%, B, = 5.0 x 10°°, id/FDc}; = 0.5.

Figure 4 is another example for c%;=0.56Mm,
A = 2.10M, ¢ = 1.54 M (the composition of CuCN
50gdm™ and KCN 100gdm~—3), 7 = 333K, and
J=0.5. It is noted that the current causes only small
potential difference (a few mV) across the diffusion
layer.

Assuming the quasiequilibrium of charge-transfer
reaction, the electrode potential can be calculated by
introducing the values of ¢y and ccn (=[CN7]) at
x =0 into Equation 9. Thus the results of Figs 3 and 4
yield E=-0.997V and —-1.334V, respectively. Con-
centration overpotential, that is, the shift of E from
the equilibrium potential (E.q = —0.387V and
—1.005V, respectively) is significant. The validity of
the quasiequilibrium of charge-transfer reaction will
be examined in the following section.

By repeating the above calculations for different
currents we can obtain theoretical current—potential
curves. Figure 5 illustrates four examples of theore-
tical polarization curves for combinations of
/=225 and 3.75, and T=288K and 333K.
Curves (a)—(c) exhibit a plateau which was sometimes
observed in polarization measurements [4-6, 10].
Curves (¢) and (d) correspond to the present work,
which will be described in the following section. In a
region between J=0.1 and 0.6, curve (d) can be ap-
proximated by the following empirical equation:

E=—0341logJ— 144 (34)

The apparent Tafel slope (0.34V decade™') is much
larger than that for simple charge-transfer over-
potential (typically 0.12 V decade™! for a one-electron
reaction). Such a large Tafel slope was also reported
by Costa [9].
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Fig. 4. One-dimensional distributions of concentrations and po-
tential in the diffusion layer. coM =0.56Mm, cOA =2.10M, cg =1.54m
(the composition used in the present work), 7= 333K, 5, = 1.8
x 102, B3 = 3.8 x 105, B, = 1.1 x 10?7, id/FDc}; = 0.5.
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Fig. 5. Theoretical polarization curves for the copper cathode in
cyanide solutions. (Curve a) c§; = 0.08 M, ¢} = 0.18 M, ¢§ = 0.1 M,
T =288K, f, = 1.1 x 10, f; =2.0 x 1028, B, = 5.0 x 10%°, "=
0.514V; (curve b) ¢§; = 0.08 M, ¢4 =0.18 M, ¢} = 0.1m, T = 333K,
By =54 x 102, p3=9.3 x 1025, f, = 1.4 x 107, E¥ = 0.509V;
(curve c) COM =0.56M, ) =2.10 ™, cg = 1.54m, T = 288K, f, =
3.8 x 103, 3 =8.8 x 107, B, =4.0 x 10%, E¥ =0.501 V; (curve d)
Ay =0.56M, ) =2.10M, ¢§ = 1.54m, T = 333K, f, = 1.8 x 102,
By =3.8 x 103, B, = 1.1 x 1077, EY = 0.494 V.

4. Experimental polarization curves

Steady-state current potential characteristics for
copper deposition were measured in stirred and un-
stirred solutions at 15°C and 60°C. The electrode
was a copper plate (10 mm x 20 mm), the reverse side
of which was insulated by silicone rubber; effective
electrode area =2cm?. The electrolyte solution was
prepared by dissolving CuCN (50 g dm~3) and KCN
(100 gdm —%) in water. The conductivity of the solu-
tion was x=0.106Scm™' at 15°C and
k =0.195Scm™! at 60°C. An H-shaped Pyrex cell
with a glass frit separator was used. The working
electrode compartment was 45mm in diameter and
contained 100cm® of solution. The solution was
stirred magnetically with a 30 mm magnet bar which
rotated at about 300 rpm at the position 2cm below
the electrode. The electrode potential was measured
against a saturated calomel electrode which was
connected to the solution with a Luggin capillary.
The estimated ohmic potential drop in the solution
(~2mm) between the electrode and the tip of the
Luggin capillary was small (0.02V at a current den-
sity of 10mAcm~2 at 15°C), and therefore, ne-
glected.

Figures 6 and 7 show the results obtained in stirred
(O) and unstirred (A) solutions. The solid and bro-
ken lines are theoretical ones which will be described
in the following paragraph. The polarization char-
acteristics is similar to that reported by Glasstone [4]
and Kuwa et al [5, 6] and Bek and Zhukov [10]. The
marked effect of stirring indicates that the mass
transfer controls the current. The magnitude of
charge-transfer overpotential can be estimated from
the kinetic data obtained by Costa [9]. He reported,
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Fig. 6. Current—potential relationship for the copper cathode in a
cyanide solution. CuCN 50 gdm~3, KCN 100 gdm~3 (cy = 0.56 ™,
ca = 2.10M, ¢s = 1.54Mm); temperature, 15°C. The experimental
data were obtained in stirred (O) and unstirred (A) solutions. The
theoretical curves were drawn for D/d = 1.4 x 10~*cms™! (—)
and D/d = 0.66x 10~*cms™! (--- -- ).
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Fig. 7. Current—potential relationship for the copper cathode in a
cyanide solution. CuCN 50 gdm~3, KCN 100 gdm 3 (cy = 0.56 ™,
ca = 2.10M, ¢s = 1.54™m); temperature, 60°C. The experimental
data were obtained in stirred (O) and unstirred (A) solutions. The
theoretical curves were drawn for D/d = 9.2 x 10~*cms™! (——)
and D/d = 3.2 x 10~*cms™! (--- -- ).

for example, an exchange current density of
io=19mA cm~2 for ¢y =0.08M and ca =0.33M at
31°C. The approximate linear expression of charge-
transfer overpotential [17]

n = (RT/F)(i/io) (35)

gives the value of #=14mV at the current density of
10mA cm 2 (the average current density used in the
present work). Costa observed positive dependence of
iop upon ¢y and ca, and therefore 1 should be much
smaller than 14mV for ¢y =0.56 M and cp =2.10 M.
He also studied the temperature dependence of iy and
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obtained the activation energy of 31kJmol~!, which
predicts ip(15°C)/ip(31°C) ~0.5 and ix(60°C)/
i0(31°C) = 3. Therefore, the charge-transfer over-
potential for ¢y =0.56m and cp=2.10m at
10 mA cm~2 should be much smaller than 28 mV and
S5mV at 15°C and 60°C, respectively. It can be ne-
glected in discussing the observed overpotential
which was as large as 0.3V at 10mA cm~2 even in
stirred solution.

The experimental data of Fig. 6 can be compared
with the theoretical calculation (curve (c) in Fig. 5).
Best fitting yields the values of D/d=1.4 x10~*cms™!
and 0.66x10~*cms~! in stirred and unstirred solu-
tions, respectively. Since D is estimated to be
47x10°cm?s~! (see Appendix C), values of
d=0.033cm and 0.071 cm are derived in stirred and
unstirred solutions, respectively. The solid and bro-
ken lines in Fig. 6 are the corresponding theoretical
curves. The theoretical curves show characteristics
similar to the experimental data, but the agreement is
not very good at less negative potentials. This may be
caused by possible errors in estimating f3,, values.

The experimental data of Fig. 7 can be compared
with the theoretical calculation (curve (d) in Fig. 5).
Least squares fitting above 1.1V  yields
D/d = 92x 107 cms™! and 3.2 x 10~*cms™! for
stirred and unstirred solutions, respectively. The solid
and broken lines show the theoretical polarization
curves. Poor agreement at less negative potentials
may be due to errors in f3,,. Estimated values of
D=103x10"cm?’s! gives d=0.0llcm and
0.032cm for stirred and unstirred solutions, respec-
tively.

5. Copper plating on grooved substrates

The above modelling was applied to copper deposi-
tion on grooved substrates. Thus the thicknesses of
copper coating on two types of substrates were
measured and compared with theoretical calcula-
tions.

5.1. Experimental details

Copper plating bath was prepared in the same way as
described above. The substrates (cathode) were steel
plates (SS41) on which parallel grooves were precisely
machined. Figure 8 shows one type of substrate (a)
having parallel grooves which were Smm in width
and 5mm in depth, and separated at a centre-to-
centre distance of 20 mm. The other type of substrate
(b) had grooves of 1 mm in width and 1 mm in depth
(Fig. 9). The separations between grooves were
20mm in all cases. The reverse face and side ends
were coated with insulating paint. The substrate was
positioned in an electroplating cell so that long-
itudinal axes of the grooves were in the vertical di-
rection. The anode was a copper plate of 125 cm? and
was positioned at a distance of 10 cm from the cath-
ode. The electroplating cell was rectangular in shape
(Ilength x width xdepth =170mm x 135mm x 120mm

__ Cotting
piane

L] L] L

Fig. 8. Outline of a steel substrate (top) and its cross section
(bottom). The size is given in millimetres.

in inner size). A stirring bar of 40 mm was magneti-
cally rotated at 330 rpm at the bottom centre. The
position of the substrate (cathode) was 40 mm from
the centre (rotation axis of stirring bar). The cell was
thermostated at 60 °C. After the plating the cathode
was cut in perpendicular to the grooves. The cross
section, which is schematically shown in Fig. §, was
observed under a microscope. The thickness of de-
posit was measured on photomicrographs of the cross
section.

Polarization measurements were performed using
a copper plate of 80 mm x 80 mm, instead of a steel
substrate, under otherwise the same conditions.

5.2. Results

Copper plating was performed on substrate a at a
current density of 10mA cm~> based on the geo-

1
1
'
{a) !
|
|
|
|
L

P,

{b)

e ——————

[ 1 mm —

Fig. 9. Geometry of two types substrates. Thin broken lines in-
dicate the estimated thickness of diffusion layer (see Section 5.2).
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metric area of the cathode (including the surface area
in grooves). After 80 min, the cathode was cut and the
cross section was observed under a microscope.
Figure 10 shows examples of photomicrographs of
the cross section. The thicknesses of the copper de-
posit measured at different locations are summarized
in Table 1. The locations are indicated by the dis-

—i
100 £ m

Fig. 10. Photomicrographs of the cross sections of the outer surface
(top), side wall of groove (middle), and lower corner of groove
(bottom). The layer with light colour is the copper deposit.

tance, measured in units of (5/8) mm, from a reference
point. The copper coating was relatively uniform,
although it was thinner at the bottom corner, and
thicker at the upper edge of the groove. Table 2
shows similar results obtained for substrate b.

Figure 11 shows the results of polarization mea-
surements. The solid line represents the theoretical
polarization curve best-fitted to the experimental data
(DId=3.5x 10~*cms™"). The polarization curve is a
little different from that obtained in the previous
measurements (O in Fig. 7), because the cell geometry
and hydrodynamic conditions are different. A diffu-
sion layer thickness of d=0.030cm was obtained
with D=1.03 x 1073 cm?s~!. The polarization curve
can be approximated by

E = —0.34 log (i/mA cm~2) — 2.02 (36)

5.3. Calculation of current distribution of
grooved substrates

The thickness of diffusion layer (d) depends on the
configuration of substrate and on the hydrodynamic
conditions of solution. However it is difficult to esti-
mate the variation of d on the surface of grooved
substrates. In the present discussion, therefore, d is
assumed to be constant on the whole surface of
substrate. The value of d=0.030cm is adopted in
stirred solutions according to the preceding discus-
sion (Section 5.2). The thin broken lines in Fig. 9
indicate the diffusion layer on two types of substrates.

Table 1. Thickness of deposit on substrate a with 5mm x 5mm
grooves

Location Thickness of
deposit | ym
Bottom of the groove"
0.5 33.3
1.5 322
2.5 30.0
35 25.6
Side wall of the groove'
0.5 26.1
1.5 26.7
2.5 27.8
3.5 30.0
4.5 322
5.5 333
6.5 35.0
7.5 38.9
Outer surfacet
0.5 42.7
1.5 40.8
2.5 38.9
3.5 36.7
4.5 36.7
10.5 36.7
11.5 36.7

Current density, 10 mA cm™%; time, 80 min.

* Distance in (5/8) mm from the centre of groove
 Distance in (5/8) mm from the bottom of groove
¥ Distance in (5/8) mm from the edge of groove
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Table 2. Thickness of deposit on substrate b with 1 mm x I mm
grooves

Location Thickness of
deposit | pm
Bottom of the groove”
1.0 13.9
2.0 10.5
3.0 9.4
4.0 8.3
Side wall of the groove'
1.0 6.7
2.0 7.2
3.0 7.8
4.0 8.9
6.0 10.6
7.0 11.1
8.0 12.2
Outer surface*
1.0 16.7
2.0 19.4
3.0 222
5.0 21.7
7.0 222

Current density, 10mA cm™% time, 40 min.

* Distance in (1/10) mm from the centre of groove
T Distance in (1/10)mm from the bottom of groove
¥ Distance in (1/10)mm from the edge of groove
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Fig. 11. Current—potential relationship obtained under the same
conditions as in electroplating. The solid line is a theoretical curve
for DId=3.5 x 10~*cms™!.

Although this model is a rough approximation, sub-
sequent calculations will provide an insight into the
current distribution of copper deposition.

In the case of substrate a the diffusion layer is thin
in comparison with the size of the groove. Then the
current distribution can be calculated assuming uni-
form resistivity of the solution and empirical current—
potential relationship (Equation 36): the so-called
secondary distribution arises. The procedure of cal-
culation has been reported in a previous paper [18].

F 3

o

(%]
- r

| =

e D Bl
1 o
N 4!
A B ;
| 20 '

Fig. 12. Cross section of substrate a. The meshed area indicates the
region in which two-dimensional calculation was performed.

Figure 12 shows the region of numerical calculation
of potential. The thickness of the copper deposit was
calculated from the current distribution on the basis
of Faraday’s law. The result is shown by the solid
lines in Fig. 13. The thickness of deposit is plotted in
the direction normal to the surface of substrate.
Figure 13 also includes the experimental data (O) of
Table 1 and the theoretical curve (broken line) cal-
culated from the primary current distribution. The
experimental data are in fair agreement with the
secondary distribution.

In the case of substrate b, concentrations and po-
tential were calculated in the diffusion layer using two-
dimensional forms of Equations 22, 23, 24 and 28 in
combination with the Nernst equation (Equation 9) as
the boundary condition at the cathode surface. The
potential in the bulk region was calculated assuming
uniform resistivity of solution. The thickness of the
copper deposit was calculated from the current dis-
tribution, and is shown by the solid lines in Fig. 14.
Figure 14 also shows the experimental data (O) of
Table 2 and the theoretical curve (broken lines) based
on primary distribution. The present model explains
the experimental data better than the primary dis-
tribution, although agreement is not very good. A
possible cause for the discrepancy is that the convec-
tion may not occur efficiently in this small groove
(1mm x 1 mm). The assumption of uniform thickness
of the diffusion layer seems inappropriate. It is ne-
cessary to evaluate the effect of convection properly.

6. Conclusions

From theoretical and experimental studies, the fol-
lowing conclusions have been drawn:

(i) The equilibrium potential of the copper electrode
in CuCN-KCN solutions can be expressed as a
function of the CN/Cu ratio.

(i) When copper is deposited at the cathode, con-
centration polarization occurs due to the liberation of
CN~ ions.

(ii1) Potential and concentration distributions can be
calculated by taking into account the diffusion and
migration of all ionic species, and chemical reactions
involving cyano-copper(i) complexes.
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Fig. 13. Distribution of the thickness of copper deposit on substrate a. Average current density = 10mAcm2, time = 80min, x =
0.195Scm™!. The mark O indicates experimental data of Table 1. The solid line corresponds to the secondary current distribution obtained
with the empirical current-potential relationship of Equation 36. The broken line represents the primary distribution.

Thickness of deposit,um

Fig. 14. Distribution of the thickness of copper deposit on substrate b. Average current density = 10 mA cm™2, time = 40 min, cj; =0.56 M,
A =210M, ¢} =1.54m, T=333K, k=0.195Sem™!, B, = 1.8 x 102, B;=3.8 x 10, B, =1.1 x 10%’. The mark O indicates experimental
data of Table 2. The broken line represents the primary distribution.

(iv) Theoretical polarization curve can be obtained by
assuming the quasiequilibrium of charge-transfer re-
action. The latter assumption is verified by examining
kinetic data and experimental polarization curves.
(v) Experimental results of copper deposition in re-
latively large grooves agree with the secondary cur-
rent distribution calculated with the empirical current
potential relationship.

(vi) When the size of the groove is comparable to the
diffusion layer thickness, the present model can not
predict experimental results very well. Convective
mass transfer in the groove must be considered

properly.
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Appendix A: Temperature dependence of g3,

Thermodynamic formation constants f (in terms of
activities) for Reactions 2-4 at a temperature 7' are
calculated from

In g2 (T) —In f2(298.15) = — (AH" /R)

(1/T —1/298.15)  (Al)

where the standard enthalpy changes for Reactions
2-4 are estimated to be AHY = —52kJmol!,
AH) = —136 kJmol™!, and AH) = —186 kI mol~!, as
follows.

The standard Gibbs energy change AGY for Re-
action 4 at 298.15 K is calculated from 8} (= 2 x 10%)
as

AGY = —RT In f} = —173 kJ mol ™!

Since Cu(CN);~ has the same tetrahedral geometry as
Zn(CN);~ and Hg(CN);~, the standard entropy
change ASg for Reaction 4 may be similar to that of
reactions

Zn*" 4+ 4CN™—Zn(CN);~
Hg*" +4CN™—Hg(CN);~

for which AS® = —44.4JK~! and AS" = —49.4JK!
have been reported [19]. Assuming the former value
(ASY = —44.4JK "), the standard enthalpy change
for Reaction 4 can be estimated as

AH]) = AGY + (298.15)AS) = —186 kI mol ™
The following values of AH® have been reported [16]:
Cu(CN);” + CN™—Cu(CN);~
AHY , = —50kJ mol
Cu(CN); + CN™—Cu(CN);~
AHY ; = -84 kI mol ™

Therefore, the standard enthalpy change for Reac-
tions 3 and 2 are estimated as

AH = AH) — AHY , = —136 k] mol '
AHY) = AH{ — AHY ; = —52kJ mol !

For example, the values of f at 60°C are 5 =
1.1x 10, B2 = 1.2 x 10%, and 2 = 7.4 x 10%.

Appendix B: Formation constants in terms
of concentrations

Formation constants f3,, of Cu(CN)ﬁn'"fl)f (in terms of
concentrations) are related to thermodynamic for-
mation constants £, (in terms of activities) by

B = B eu ) en )" Geaenye ) (B1)

where 7, is the activity coefficient of ion i.
According to the Debye—Hiickel theory, 7, is ex-
pressed as

log,y; = —AZ21'?(1 + Ba,1'?) (B2)

where 7 is the ionic strength (moldm ™) and g; is the
ion size parameter (A). 4 and B are constants: 4 =
0.504 (15°C), 0.517 (30°C), 0.550 (60°C); B = 0.327
(15°C), 0.330 (30°C), 0.337 (60°C). The following
values of a; are adopted: ac,+ = 2.5A (estimated
from ap,+ = 2.5A[20]), acn- = 3.7A[16], acucn), =
aCu(CN)%’ = aCu(CN)i’ =6.6A [16]

Tonic strength 7 of a solution prepared from CuCN
and KCN is calculated according to the stoichio-
metry of the following reactions:

CuCN + KCN = K* + Cu(CN);
CuCN + 2KCN = 2K + Cu(CN)3~
CuCN + 3KCN = 2K + Cu(CN);~

Thus,
I=2ch—3cm for2 < ca/em

IN A

I =3cp —6cy for3 < CA/CM

I=can+2cem forcafem > 4

For example, the following values of y; and f,, are
obtained for cy = 0.56M, ca = 2.10M, and c¢g =

1.54M at 60°C: y¢,r = 0.412, yen- = 0.501, yeyien);
= 0.637, jeyenp = 0165, oonp = 00181,
B, = 1.8 x 102, f; = 3.8 x 10%, B, = 1.1 x 10?7,

Appendix C: Calculation of diffusion coefficient from
conductivity data

Diffusion coefficient D; and molar conductivity 4; of
ion [ are related by the Nernst-Einstein equation:

D; = RT),;/z2 F? (C1)

Using Equation Cl1, the conductivity of solution x is

expressed as
K= Z }viC,'
= (F*/RT) Yz Djc;

Assuming that all D; values are identical (D; = D), we
obtain the following equation:

K= (F’D/RT) Y Zci

Therefore,
D =KRT/(F* zc))

For a given solution of CuCN-KCN at temperatue
T, values of cen, ¢2, ¢3, and ¢4 can be calculated
from Equations 5-7 using estimated f3,, (see Appen-
dixes A and B). For example, for ¢y = 0.56 M, cp =
2.10M, and ¢s = 1.54m at 60°C, concentrations of
K*, CN~, Cu(CN);, Cu(CN %’, and Cu(CN);™ are
calculated to be 1.54, 6.25 x 1072, 1.47 x 1073, 0.197
and 0.359 M, respectively. Introducing these values
and experimental data of x=0.195Scm™! into
Equation C2 gives D=1.03 x 107> cm?s~!. Simi-
larly, D=4.67x 107°cm?®s~! is obtained from
k=0.106Scm™! at 15°C.

(C2)
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