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1. INTRODUCTION

It has been known for a relatively long time that the application of a peri-
odically changing current in plating practice leads to improvements in the quality
of electrodeposits. Three types of current variation have been found useful: a
reversing current (RC); a pulsating current (PC); and a sinusoidal, alternating
current superimposed on a direct current (AC).1 713 In recent years, the beneficial
effects of pulsating overpotential (PO) have also been discussed.* Even though this
kind of electrodeposition at a periodically changing rate (EPCR) is important from
a theoretical point of view and offers a variety of experimental possibilities, it is not
as yet, frequently used in plating practice.

The mass transfer during metal electrodeposition at a periodically changing
rate is not widely known but it will be treated in details in this paper. It is very
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important, because the mass transfer conditions determine the morphology of metal
deposits just as in the case of deposition at a constant rate.
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Fig. 1. Waveform of the reversing current. Fig. 2. Pulsatung current.

Reversing current is represented schematically in Fig. 1. It is characterized
by the cathodic current density, i., and the anodic current density, i,, as well as by
the duration of flow of the current in the cathodic and the anodic direction, ¢; and
t,, respectively. Naturally,

t,+t,=T D

where 7'is the full period of the RC wave. The average current density is then given by

it — it
— e a‘a (2)
lav tc+ta
and for i, =iy =ia
1-r
i =i 3)
av A 1 +r
where
t,
F=2 4)

¢

RC is used in the second and millisecond range.

Pulsating current consists of a periodic repetition of square pulses. It is similar
in shape to RC except for the absence of the anodic component, as is shown in Fig.
2. PC is characterized by the amplitude of the cathodic current, i, the cathodic
deposition time, 7 (on period), and the time interval 7, in which the system relaxes
(off period). The full period, 7, is given by

t,+t,=T &)

and the average current density by
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o, (6)
Ly = tc + tp
or
o (N
lay =
L+p
if
f (8)
p=7

Note that rectified sinusoidal AC, especially half-rectified sinusoidal AC,
often termed pulsating current in the literature, shows similar effects to those of PC.

Sinusoidal AC superimposed on direct current is represented in Fig. 3. It is
characterized by i4, i, and the frequency, which s usually 50 or 60 Hz. The resultant
is termed an asymmetric sinusoidal current. The average current is equal to igc. At
given anodic DC values, three different types of current can be obtained, which can
be denoted as follows: i, <iqc "rippling current”; i, = iqc,"pulsating curren"; 7, > iqc,
"current with an anodic component". The last type is mainly used in plating practice.
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Fig. 3. The shape of the sinusoidal alternating Fig. 4. Square-wave pulsating overpotential
current superimposed on the direct current. waveform.

Pulsating overpotential consists of a periodic repetition of overpotential
pulses of different shapes. Square-wave PO is defined in the same way as PC except
that the overpotential pulsates between the amplitude value N4 and zero instead of
the current density (Fig. 4). Non-rectangular pulsating overpotential is defined by
the amplitude of the overpotential, N, frequency, and the overpotential waveform.

There are a number of different current and overpotential waveforms used in
EPCR,'-18 the most important of which have been mentioned above.
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2. MASS TRANSFER IN THE STEADY STATE PERIODIC CONDITION

Electrodeposition at a periodically changing rate can be described in terms of
time and distance-dependent concentrations:

doc 0%
T =p = 9
ot Dax2 ©)
c(0.x) = ¢ (10)
c(t.9) = ¢y (11)
e
Dax EJ(:O zZFD (12)

Equations (9) to (12) are solved for different i(¢) and the solutions applied to
different types of problems.!6—!
2.1. Reversing current

For the periodic reverse current the current density i(¢) is a periodic function
of time given by3°
Tla for[m+ 1/(r+ D] T<t<(m+ 1T
m=0,1,2,.
Millisecond range. For i(¢) given by Eq. (13), the solution of Eqs. (9) to (12)
is given by

2 00 okt 1 mq/(:*l) T+T/(r+1)
i +
cx,)=cy— ZFB % COS%T)TDC {exp[—)\k(t—T)] dt + {exp[—)\k(t—T)] dt+ ...
O  mT++1) 0 , © T
0 o 2 2k + 1)T0x
B ot Iexp[—)\k(t -7)] dT%+ FS Z COSE(T)QD J'exp[—)\k(t -D)]dt +
0 mT 0 k=0 T/r+1)
O 2T (m+1)T 0
0+ fexpl Al L+ fexpl-hy(-T)]din (14)
O O
O T+T/Ar+1) mT+T/(r+1) O
where
2
A = 2k +1)*1eD _ 2k +1) (15)
452 4,
and
%
" ren (16)

Fort=[m+ 1/(r+1)]Tand m — oo, i.e., at the end of the cathodic pulses under steady
state conditions, the concentration distribution of the depositing ions inside the
diffusion layer is given by
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85 < 1 o, 2T DT
Te2FD /zo Qk+1) 25

Ce (x) =<

O 1 —exp[-NTAr+1)]  exp[-ATAr +1)] —exp (A7)0
- U

g, (17)
5 1-exp(AD) L= exp (M) .

The concentration distribution at the end of the anodic pulses under the same
conditions, i.e. for t=(m+ 1)7T, m — oo, is given by

8 < 1 oy 2 D
TeZFD ,% Qk+1)? 28

Ca(x) = G~

O exp[-MeTAr+ 1)] —exp(-AeT) 1 —exp[-AT/r +1)] 0

: i, (18)
g 1 —exp(=AT) 1 - exp(-N\T) E

It is easy to show that, for a sufficiently long period T (T > t,), the system
behaves as under DC conditions. For 7 — o Egs. (17) and (18) become

: N
Eﬁ ) =g~ (6= ) (19)
and
: I
;111.}0 ) =co~ pp (0= (20)

On the other hand, for 7 - 0 (T’ <<1y)

) O—xi. —ri o0-x
) V i ' _ - c a_ , _ 3 (2 1)
lim e, (x) = lim ,(x) = e(v) =0 = Zpp =57 =907 Zpp

for0<x<d

The concentration distribution inside the diffusion layer at the end of cathodic
and anodic pulses under steady state conditions, calculated using Eqs. (17) and (18)
and the following set of parameters = 1072 cm, D= 10" cm? s ' and 1y = 1 s, is
given in Figs. 5 — 9 for different reversing regimes. At sufficiently large x/0, the
concentration distribution does not depend on time.*? At x/3 close to the electrode,
it is time dependent and the upper and lower parts of the curves correspond to the
end of the anodic and the cathodic times, respectively.

It can be seen from Fig. 5 that, at lower periods of the RC wave, the

concentration distribution is closer to one described by Eq. (21) for 7 — 0. It can
also be seen from Fig. 6 and Fig. 7 that, with other parameters, the same the
distribution is closer to that given by Eq. (21) at lower » and i, values.
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Fig. 5. The effect of the period of
the RC wave on the concentration
distribution inside the diffusion
layer (From Maksimovi¢ and Po-
pov42).

Fig. 6. The effect of the average
current density on the concentra-
tion distribution inside the diffu-
sion layer. (From Maksimovi¢
and Popov*2).

Fig. 7. The effect of the anodic to
cathodic time ratio on the concen-
tration distribution inside the dif-
fusion layer. (From Maksimovi¢
and Popov*2).

At iy, = 0, concentration polarization practically does not exists up to iy =1ip,

as is illustrated by Fig. 8.
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Fig. 8. The effect of the current
amplitude on the concentration
0112 a5 distribution inside the diffusion
) ) layer. (From Maksimovi¢ and
Popov42).

cre,

Fig. 9. The effect of the diffusion
layer thickness on the concentra-
0'%_0 02 o 06 03 Lo tion distribution inside the diffu-
sion layer. (From Maksimovié
and Popov*2),

xls

Finally, the effect of the diffusion layer thickness is shown in Fig. 9. It follows
from Eqs. (15) — (18) that the frequency of pulsation and diffusion layer thickness
are related by the equation

(22)

I = const
5 .

to produce the same effect on the concentration distribution inside the diffusion
layer.

For x =0, Egs. (17) and (18) can be rewritten in the form

00

PRSP I . .
= o 2 2k + 1)
k=0
O 1-exp[-ANTAr+1)]  exp[-ATAr+1)] —exp(-NT)O
5 T-ep(AD) I = exp(-A,T)

(23)
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and 24)
85 1 O exp[-AgT/Ar +1)] —exp(-A\g)  exp[-ANTAr +1)] O
“=0" 0 mp 2 Gk 1B 1 - exp(-A TR —expNd) B
TeZ = ( ) 0 exp(=A(T) exp(-AiT) 0
and Egs. (19)—(21) in the form
. _ 61" 25
71{1130 .= 2FD ( )
. _ 6ld 26
;1}{)10 C, =y 2FD ( )
and
T Tt W 27
;lir(}cc_lTlin()ca_cs_CO D 1 " 7D 27

Second range. For T close to {j, the behaviour of the system under RC
conditions has to be analyzed using Eq. (24). In this case, the distribution of the
concentration inside the diffusion layer at the end of the anodic pulse is close to that
given by Eq. (10). It follows from Eq. (24) that this will happen at3:43

€= ¢y (28)
or
° 1 O exp[-AgT/r + 1)] —exp(-\T) . 1 —exp[-AsT/Ar+1)]0 0(29)
: -1 =
Z (Qk+1)? Eh 1 —exp(-\T) : 1 —exp(-\T1) E

k=0
Obviously, 7 can be obtained by computer calculation from Eq. (29).

On the other hand, it is known36-2 that for #7/(r+1) = 1.51, the series in Eq.
(29) can be approximated using only the first term (k = 0). Hence, for i, = i,

O r TQO 070 O » T0O
€X] — 1 €X —r=1 —ex -
PO 1 a0 P Oag PO+ 44 30)
or
4, 2
_ T 1+ exp(=T7/4¢,) (31
Ty 2

T+ exp(=T/4¢,)

Itis easy to show that for 7= 3¢y, »=0.7 and for T'= 16¢y, ¥ = 0.2 by assuming
that for T'> 3#y, Eq. (30) is valid and that at 7>16£_ the system behaves as under DC

conditions. The optimum ratio Ic/ty 18 given by
1.5<1/1,<5 (32)



for periods T such that
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31,< T'< 164,

(33)

and the optimum #; and ¢, for a given T, calculated using Eq. (31), are shown in Fig. 10.
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Fig. 10. #,/4¢, and ¢,/4¢, as a func-
tion of 7/4t,. (From Popov and
Maksimovi¢#3).

Fig. 11. The concentration distri-
bution inside the diffusion layer at
the end of the anodic (upper) and
the cathodic (lower) times. Calcu-
lated by computer using Eqs. (17)
and (29).
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In Fig. 11. and Fig. 12, the concentration distribution at the end of the cathodic
and anodic pulses for optimum current wave shapes are shown, calculated by
computer (Fig. 10.) and by using Eq. (33) if fp=1s for & = 102 cm and D = 107
em? s! (Fig. 11.). It is seen that the approximation used is satisfactory. A good
agreement between the shape and the frequency of the RC calculated in this way
and literature data is obtained, because in practically all cases

1s<T<30s (34)
according to Bakhvalov.?
For periods T
34,<T<1614, (35)

Itis obvious that, because of Eq. (35) and the dependence of #y on the diffusion
layer thickness, in strongly stirred solutions the period 7 must be considerably
smaller.

2.2. Pulsating current
For i(¢) given by
formT<t<[m+1/(p+ DT
{ 36
0= %) for[m+1/(p+D]T<t<@m+ 1T (36)
i.e. for pulsating current,” solution of Egs. (9) to (12) is given by

2, «  [2k+1)mD
claf)=cy - Z cos 0
ZFB = 0 26 0
ET/([)+1) T+T(p+1) mT+Tp+1)
5 { exp [ (¢~ DT + j exp [\ (-] dT+ ... + ITeXp[—)\k = d@n
D m
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For ¢t =[m+ 1/(p+1)]7, i.e., at the end of pulses, Eq. (37) can be rewritten as

O 1 _ 80, (2k+ 1)
c@’%+p+1%_c" nzzFDZ(2k+1)2 MDY

O 0O oo
O T O AT

CExP (-\T) = exp (PN 7+ . Hl-ep (38)
O 0

o P7'm 0P+ 1m
In steady state conditions

Con (x)—hmcgc,%n+ %’%:

mooo O [ +1DD

_ 88 c o @t DT 1= exp [N T/p + 1)) (39)
0" 2 2FD z (Zk + 1)2 20 1 —exp (-A)

Fort=(m+1)T, i.e., at the end of pauses, Eq. (37) can be rewritten in the form

80i,. 2k + 1)Te 0 T M
dx,(m+1)7Ti=cy—— < Z 5 €os [Ef:xp Tk %m+1)T+ 1
= zFD =0 (2k + 1) 26 0 0 0 p + IDD
O a
0= exp[Ny (m + D7) + .+ expgxk %— I eeCADT  (40)
a [ID g
In steady state conditions
Copx) = lim cix,(m+ 1) Tt =
— ¢, - 8di, Z cos 2k + 1)TWe expu—)\k[T /p + 1)]u exp(—AT) (1)
1'[22FD (Zk +1)2 25 1 —exp(-A\T)
For T — o Egs. (39) and (41) becomes
i
i =c,———(d- 42
}lj?o Con(®) = ¢ D (0-x) (42)
and
lim ¢, {x) = ¢
om a(*) = co (43)
while for 7 - 0
0-x I

lim ¢g(x) =1im cpp () = cx) = ¢ =
T-0 -0

zZFD p +1 (44)
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At the same time for x =0, Egs. (39) and (41) becomes

;i 1- AT 1
= 801, Z 1 exp[-AT/(p +1)] (45)
T2 zZFD = @k+172  1-exp (-ND)
and
Cor=Co ~ s Z ; R el (46)
T zFD & (2k+1) 1 = exp(=AT)

As in the previous case for T >> ¢, the system behaves as under DC conditions

where
oi,

limeo, =co=_ppy “47)
and
hm col‘l‘ = CO (48)
T 00

For T << ¢, it follows from Eqs. (45) and (46) that

%6, 1
OTZED p+ 1 (49)

lime,, =limcy=c¢,=

T-0 -0
It is obvious from Eqgs. (2), (4), (7) and (8) and Egs. (27) and (49) that, in both

cases,
B Oy

=07 LI (50)
The concentration distribution inside the diffusion layer at the end of the
cathodic pulses and during the pauses in the steady state conditions, calculated using
Eqs. (39) and (41) and the already used set of parameters, are given in Figs. 13-16.4°
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Fig. 14. The effect of the pause to
pulse ratio on the concentration
distribution inside the diffusion
layer. (From Maksimovi¢ and
Popov®).

Fig. 15. The effect of the average
current density on the concentra-
tion distribution inside the diffu-
sion layer. (From Maksimovi¢
and Popov®).

Fig. 16. The effect ofthe diffusion
layer thickness on the concentra-
tion distribution inside the diffu-
sion layer. (From Maksimovié
and Popov®).

It can be seen from Fig. 13, that at the lower period of the PC wave, the
concentration distribution is closer to that described by Eq. (50) for 77 — 0. It can
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also be secen from Fig. 14. and Fig. 15, that with other parameters, the same
distribution is closer to that given by Eq. (50) at lower p and i,, values. Finally, the
effect of the diffusion layer thickness is shown in Fig. 16, being the same as in the
RC case (see Eq. (22)).
2.3. Alternating current superimposed on direct current

For i(¢) given by

i() = ige + iy sin(w 1) (51

i.e., for alternating current superimposed on direct current, the solution of the
problem is obtained in the form

2k + 1)T[x|]

cx,)=cy——= z DT%[ (ige + i sin(@U))exp[-N (= T)] dt  (52)
/c'O 0
and
c(x,0) =¢ -2 cosE(zk+ Do
T 28 25 f

k=0

% [1-exp ()] + )\1%:{)('02 %\k sin(wr) — wcos(wr) + W exp(—)\kt)% (53)

Under steady state conditions, Eq. (53) becomes

HZk + De 00 g

o) = - 6 Z cos 025 e+ )\2 2 Besin(e) - wcos(ux)% (54)
k=0
and the surface concentration (x = 0) is
(=q-—=y Jae , 1 Dy siner) ~o cos(c) (55)
: P L BN N+
k=0
Equation (55) can be transformed into a more convenient form:®’
ldc 0 i
= =2 ¢ — TV4
c=¢ é i B D)2 sin(w ) (56)

The zs(g)l‘%tion obtained 1s of the same form as in the case of an unstirred electro-
lyte,”"" i.e., if the condition are given by Eq. (11) it can be written in the form

c(t,®) = ¢ (57

The maximum difference between the surface concentration and the surface
concentration in DC steady state conditions, i.e.,
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e g -lel Ok
&G=6 — [0 %o

5 i ZFD (58)

corresponds to the values sin(wt — 174) = 1. Forz =2, F'= 10°C molfl, co= 107

i

mol cm™ and v = 50 Hz the term 7131/2 can be neglected in Eq. (56) relative

zF(Dw)
id\D . . .. 37
to ¢o E - de5 except for the cases of high i, and igc = ir..
o g

Hence, at sufficiently small 7"and not extremely high iy, ¢s in AC will also be
given by Eq. (50), implying that at sufficiently high frequencies, the surface

concentration is determined by the average current density, regardless of the shape
of the current wave.

1.0
081
v=50He
0.6}
(\.)o ] //
O 04 =
v=5Hz
027 i /i=06 ifig=12 5= 102 cm Fig. 17. The effect of the AC fre-
quency on the concentration dis-
0.0 L N L 1 550 tribution inside the diffusion
0.00 0.05 0.10 0.13 ’ layer. (From Maksimovi¢ and
x/s Popov*7).
0.50
ipfig =24
0.45
o 04 infig=18
S \
iyfig=12
035
v=50H i fi =06 &= 102 cm Fig. 18. The effect of the AC am-
plitude on the concentration dis-
0.30 : " : w0 tribution inside the diffusion
. 0.08 0.10 s .
0.00 0.02 0.04 0.06 layer. (From Maksimovi¢ and
x/s Popov?7).

The concentration distribution inside the diffusion layer, using Eq. (54) and
the already used set of parameters (8= 102 cm, D =107 cm? s~ and £y = 1 s), is
given in Figs. 17— 20 for different AC regimes and cos(wt — 174) = 0.47
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021 /i =06 ifiy=12 v=50H Fig. 20. The effect ofthe diffusion
layer thickness on the concentra-
0.0 , , , . ,  tion distribution inside the diffu-

0.0 0.2 0.4 0.6 0.8 1.0 sion layer. (From Maksimovic¢

x/s and Popov*7).

It can be seen that the effects of frequency, current density and ip/ig. ratios are
practically negligible; the effect of the diffusion layer thickness is more pronounced,
being still lower than in the other cases of periodic currents.

3. THE INFLUENCE OF THE CHARGE AND DISCHARGE OF THE ELECTRICAL DOU-
BLE LAYER

The useful range of frequencies in electrodeposition at a periodically changing
rate is known to be limited by mass-transfer effects at low frequencies. At high
frequencies, the useful range is limited by the effect of the capacitance of the
electrical double layer.*448 Details are given in a previous review.4’

4. THE VALIDITY OF THE MATHEMATICAL MODEL

4.1. Reversing current in the millisecond range

The fact that in the millisecond range, the surface concentration under periodic
conditions practically does not vary with time has been experimentally verified. For
example, it follows from Eq. (27) that for i, = i, and » = 1 during RC deposition
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= ¢ (59)
The shape of the RC used and a typical overpotential versus time response are
shown in Fig. 21 for copper deposition from 0.075 M CuSOy4 in 0.5 M H,SO4.50
The current densities and overpotential from these oscillographs, corrected for the
ohmic drop, are plotted in Fig. 22. The Tafel lines obtained in this way are similar
to those obtained by Mattsson and Bockris®! in the galvanostatic single-pulse
regime for the same system. This is because, at 100 Hz, condition (27) is satisfied
and a concentration overpotential does not appear.

%
I
= [
30 150
20
1o -5 tlms
o—o 14 H H 1 ) 2
1o- 34 n Fig. 21. The shape of the square-
201 100 wave alternating current and the
) typical overpotential versus time
- ! — response. Copper electrodeposi-
tion from 0.075 M CuSQ, in 0.5
M H,80,. (From Popov et al.3Y).
T | L | R B
-200}— -
p/mv
~1s0|- .
100~ =
-50— -~
Fig. 22. The cathodic and anodic
or N Tafel lines (obtained from graphs
similar to those in Fig. 21) for the
a0k . Cu?*|Cu system from 0.075 M
CuSOy in 0.5 M H,SO4. (From
I S lo= 1t 1 Popov et al. 59).

1 2 S 10 20 50 100 i/mAcm?
4.2. Reversing current in the second range

The mathematical model of RC in the second range can be easily tested for . >ij .
The solution of Eqgs. (9) to (12) for

=i, (60)
is given by43’52

o 0 2k + 120D
® z (2k+ 1)2 P g 4ty %

¢ =co- (61)

O
05
D g
O
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and the surface concentration of depositing ions for ¢ = £ is given by43

[0 8 O t[0 62
Cs=¢Cy— Bl - — €Xp [ ( )
zFD 5 e 7P U

The maximum amplitude of the current density variation, i, corresponding ¢g =0
after a deposition time £, is given by

. L 63
” 1- 8 ex 5%l )
T® P Er4tUD
or taking into account ¢, = 7/(r+1) by
: iL
T8 el - (64)
(” + 1) qu
Substitution of 7 from Eq. (31) in Eq. (64) and further rearranging gives >
g i—L
oA 16"
wp' T_LLD (65)
165 i

In this way the period T of the RC wave and the amplitude current density ip, which
makes the surface concentration at the end of the cathodic pulse zero, are related if
the final surface concentration (the end of the anodic pulse) is equal to the initial

surface concentration (the beginning of the cathodic pulse) and ip =i

Dependencies of overpotential on time were obtained upon application of differ-
ent RC input waves. The results for the unstirred solution are shown in Figs. 23a—23c.
It can be seen from Fig. 23a that the shape of the overpotential wave does not vary with
time after about the first 3 periods, meaning that a steady state periodic response was
established. With anodic pulses of shorter duration (Fig. 23b), the overpotential at the
end of the cathodic pulses increases, indicating a decrease in the surface concentration.
The opposite effect takes place with longer anodic pulse duration (Fig. 23c¢).

The results for stirred solution are presented at Fig. 23d. Following the same
procedure as in the previous case, the RC wave which leads to a steady state periodic
response was determined. The shape of the RC wave from Fig. 23d is the same as
for the case of unstirred solution, but, due to different hydrodynamic conditions, the
period 7'is quite different.

The 7 versus & plot shown in Fig. 24. proves that Eq. (65) is valid and that,
for metal deposition by RC in the second range, the condition 7/&? = const. must be

fulfilled in order to obtain the same effect on the mass transfer under hydrodynamic
conditions, for the same ip/i] .
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Fig. 23. The dependencies of the overpotential on time, obtained upon application of different RC
wave inputs in 0.1 M CuSOg4 in 0.5 M H2SO4. (From Maksimovic et a/.54).
Finally, the current wave with the same ip and ¢./¢, ratio, but in the millisecond
range leads to a potential response characteristic for the dominance of activation control
(Fig. 25). The above fact is a continuation of all earlier theoretical predictions.

4.3. Pulsating current

During the pause, under non-current conditions, at frequency values below
those of double layer effects, which may, therefore, be neglected, but for which Eq.
(44) is valid, the measured potential is equal to the Nernst concentration potential

p="Tn (66)

Cs

Taking into account that

_ lav
o=cd-—

o
Eq. (66) can be rewritten in the form

(67)

OooOd
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Fig. 24. The dependence of the pe-
riod of pulsation, 7, on the square
of the diffusion layer thickness, &
for copper electrodeposition from
0.1 M CuSOy4 in 0.5 M H,SOq4.
(From Maksimovi¢ et al.>%).

Fig. 25. The potential response to
the RC in the millisecond range
with the same i, and /%, as in Fig
23a. Copper electrodeposition from
0.1 M CuSOy in 0.5 M H,SOq4.
(From Maksimovic et al. >%).

Fig. 26. The Nernst concentration
potential at the end of the pause
vs. log (1 — i,/ir) in stirred and
unstirred solutions (0.1 M CuSO,
and 0.5 M H,SO,4) for a pulse
duration of 50 ms and different
pause to pulse ratio. (From Mak-
simovié et al. >%).



PERIODICALLY CHANGING RATE METALDEPOSITION 337

o=-RT, 5 il (68)
zF 0 g

The validity of Eq. (68) was tested by determining the concentration in an
unstirred and stirred solution as a function of the i,,/i1, value. A PC with on period
duration of 50 ms and p values of 1,2 and 3 was used. Fig. 26 shows that, in all cases,
a straight line with a slope of 31 mV dec™! was obtained. The slope value is very
close to 29.5 mV dec! which is predicted by the Eq. (68), meaning that the
mathematical model of PC is operative. This was also proven by considering the

overpotentials during the current pulses.”>

4.4. Pulsating overpotential
In the case of a rectangular pulsating overpotential, N(¢) as a function of time
is given by >°
for [m+ 1/(p+ D]T<t<(m+ 1T
Assuming that the surface concentration is determined by the average current
density, the current response to the input overpotential is given by

. awl Dn(t)D Grn(f)
i()=i %—* —eXpT— [
’ m L 0 oc [] 0 Noa m (70)

For a sufficiently high Na, Eq. (70) reduces during the on periods to

o _. 0 w0 [0
Ion = IUH - l_@Xp A O (71)
O Qo oc[]
and during the off periods to
iav
lor =~ I T (72)
L

The average current in PO deposition can easily be determined by

.av_ 10 ldVD _plfi_V% (73)
r+lm ’LD o] L[

The average overpotential is then given by

Ndc Noc 0 i()D
W=, t— T Inp+l+p-
“Tp+l pr1 g PR (74)
where
i, i,,0
ﬂdc:ﬂwln%‘ﬂme‘TD (75
0 O L

and
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Polarization curves for the average values for copper deposition have been
successfully calculated from the stationary polarization curve using Eq. (74)°° for
i) << i, as shown in Fig. 27.

[ T T H
“,‘E | O constant overpotential -
.;(’ O pulsating overpotential, pet
~ A pulsating overpotential, ps2
20 A -
101 .
0 | | 1 I}
0 100 200 300 400 q/mv

Fig. 27. The stationary polarization curve and the polarization curves of the average values for dif-
ferent pause-to-pulse ratios in a square-wave PO copper electrodeposition from 0.2 M CuSOy4 in
0.5 M H2S0O4. Pulse duration 20 ms. The points represents measured values and the full lines are
calculated using Eq. (76) and values from the constant polarization curve. (From Popov et al. 5(’).

This is a good proof that in PO deposition, the average current density also
determines the surface concentration of the depositing ion.

5. CONCLUSION

The mass-transfer conditions during metal electrodeposition at a periodically
changing rate are very important because they determine the morphology of metal
deposits just as in the case of electrodeposition at a constant rate. Electrodeposition
at a periodically changing rate was described by a common mathematical model and
the particular solutions for each type of waveform used are given in the form of time
and distance-dependent concentrations inside electrode diffusion layer. It was
shown that in all cases of deposition in the millisecond range the surface concen-
tration of depositing ions is constant and determined by the average deposition
current density at sufficiently large frequencies of pulsation. At lower frequencics
the surface concentration oscillates around the value corresponding to the deposition
by the average current density during the constant current deposition. In the case of
reversing current deposition in a second range the concentration varies with time
in a way that surface concentration at the end of the anodic pulse is close to initial
one. All theoretical conclusion are verified by appropriate experiments. The above
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solutions are important because they permit to correlate the morphology of deposits
with depositing regime, as in the case of constant current deposition.

SUMMARY

The mass-transfer conditions during electrodeposition of metals at a peri-
odically changing rate are considered. The concentration distribution inside the
diffusion layer and the surface concentration of depositing ions for pulsating and
reversing current and pulsating overpotential are discussed and illustrated by the
appropriate experiments. On the basis of the above results, the maximum deposition
rates and the effect on the morphology of metal deposits can be elucidated in all
cases under consideration.

n3BO

IMPEHOC MACE TOKOM EJIEKTPOXEMUNJCKOT TAJIOXEBA METAJTA TTEPUMOJIWYHO
[NTPOMEH/bMBOM bP3MMHOM

MUOIPAT 1. MAKCUMOBWR u KOHCTAHTUH U. [IOITIOB
Texnoaowko-meiianypuiku gpaxyaitiei, Ynusepsuiieii y beozpady, i.ip. 3503, 11120 Beozpao

PasMoTpeHu ¢y ycIOBU MPEHOCa Mace TOKOM ENeKTPOXEMHJCKOT TalloXKeHa MeTalla
NIePAOAUIHO IIPOMEHIEUBOM Op3MHOM. Pacnofena KoHIEHTpanuje yHyTap Augy3uHOT clioja i
MOBPIINHCKA KOHIEHTpaldja joHa KOJU ce TalloXKe AUCKYTOBaHE CYy U WIIYCTPOBAHE OJro-
BapajyhuM eKcliepruMeHTHAMA 3a ITyJICupajyhy U peBepcHy CTpYjy U MyJcupajyhy mpeHameTocT.
Ha ocHOBy m3HeTux pesyiarara Moryhe je IpOILECHUTH MakCHMajHy Op3uHY TaIOXECHa U
yTHIaja Ha MOP(OJIOTH]Y Y CBUM Pa3MOTPEHHUM CJIydyajeBUMA.

(ITpumsbeno 2. pebpyapa 1999)
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