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The surface diffusion model has been examined by the measurement of  current-time transients for 
copper electrodeposition on to a polycrystalline copper electrode in acidic copper sulphate solution. The 
results did not satisfy the surface diffusion model criteria. The current-time profiles showed a linear 
dependence on 1/t v2 except at'high overpotentials. This behaviour could be explained by a direct 
incorporation model at hemispherical sites through a hemispherical diffusion layer. A parameter charac- 
terizing this model, the number of sites, was estimated to be of the order of 104 cm -2. 

1. Introduction 

During potentiostatic electrodeposition, one can monitor the variation of current with time. The behav- 
iour appears not only in the diffusion-controlled potential region but also at lower overpotentials. The 
cause of this behaviour has been considered to be a result of an increase in the surface area of the elec- 
trode [ 1,2 ], a change in the activity of the electrode (which is related to the ratio of the preferred planes 
appearing on the electrode surface during electrodeposition [3]) and/or the surface diffusion effect 
[4-7]. Under limiting current conditions, the current-time behaviour, in the range of seconds or longer, 
is supposed to result from one of the first two effects. For shorter time periods, surface diffusion deter- 
mines the current. The current-time behaviour for copper electrodeposition has been analysed theoreti- 
cally in a previous paper [8]. 

In the present study, the analysis is compared with experimental results obtained from potentiostatic 
copper electrodeposition from acidic copper sulphate solution and another model must be proposed. 
Polycrystalline copper was used as the electrode. This is utilized industrially and studies using poly- 
crystalline materials are apt to be orientated towards the technological viewpoint. On the other hand, 
there are studies using well defined conditions, namely, single crystals and even single crystals without 
dislocations, as the electrode. The two kinds of  study do not seem to be satisfactorily related. The 
present study aims to bridge the gap between them using materials of the former type of study, and 
techniques and theories of  the latter type. 

2. Experimental details 

2.1. Electrodes and so lu tions 

Cold-rolled polycrystalline copper, of  purity 99.9%, was utilized for the electrodes. A copper disc was 
first mechanically polished, then etectropolished in 50 vol% aqueous phosphoric acid at 0.5 A cm -2 for 
4 rain and rinsed with triple-distilled water before being used as an electrode. Solutions of 0.5 mol dm -3 
CuSO4 + 2.0 tool dm -3 H~SO4 and 0.05 mol dm -3 CuSO4 + 0.5 mol dm -s H2SOa were used. They were 
prepared using reagent grade materials and triple-distilled water. 
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2.2. Electrolytic cell and procedures 

A schematic view of the cell used is shown in Fig. 1. The material used was Teflon. A copper plated 
copper rod was used as a reference electrode. The electrode showed very stable potentials and its 
potential was measured versus the Hg/Hg2SO4 electrode. A copper plated platinum disc was used as a 
counter electrode in order to avoid a concentration change of copper ion during electrolysis. 

A continuous potential pulse (15 ms duration, 1 : 1 duty ratio) was applied and the current-time 
response (current transient) was measured using an oscilloscope. The experiments were performed at 
room temperature and in an argon atmosphere. 

3. Results and discussion 

3.1. The surface diffusion model 

Typical current-time responses on applying a potentiostatic pulse are shown in Fig. 2. The results in 
0.5 tool dm -3 CuSO4 + 2.0 mol dm -3 H2SO4 are replotted as i/i= in Figs. 3 and 4 according to the 
theoretical treatment given for the surface diffusion model in a previous paper [8]. The time range 
measured may not be long enough compared with the theoretical curves. However, it is possible to 
regard the experimental curves as corresponding to the bottom part of the theoretical ones. This gives 
us the correspondingN2 values from the experimental data. N2 is a function as defined in Equation 1 
(the notation of this section is the same as in the previous paper). 
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Fig. 1. Electrolytic cell. a: working electrode, b: counter 
electrode, e: reference electrode, d: gas inlet. 
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Fig. 2. Typical current transients on an oscilloscope 0.5 m o l d m  -3 CuSO 4 + 2.0 m o l d m  -a H:SO4, r / =  --  60 inV. 
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N 2 characterizes the behaviours of i/i= which are given by Equations 2 and 3 for the ad-species, ad-atom 
Cu ~ and ad-ion Cu § respectively: 
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Fig. 3. Cathodic current transients in 
0.5 mo ldm -3 C u S Q  + 2.0 m o l d m  -3 
H~SO 4. (a) -- 9mV,  (b) -- 18mV, (c) 
- -  54 mV, ( d )  - -  6 9  m V ,  ( e )  - -  1 0 2  inV. 
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Fig. 4. Anodic current transients in 
0.5 moldm -3 CuSO 4 + 2.0moldm -3 
H2SO 4. (a) + 10mV, (b) + 25mV, 
(e) + 44 inV. 

J~ i~ tanhN2~/2 n=o (2n+l)27r2[N z + (2n 41)27r21 exp - - _ .  . + " 

4 (3) 

The N~ values are obtained as a function o f  overpotential by superimposing experimental i/i= curves and 
theoretical J/J= curves as shown in Fig. 5. The results show that Nz has a maximum near the equilibrium 
potential and decreases with increasing cathodic and anodic overpotentials. This behaviour opposite to 
that expected theoretically at least at overpotentials greater than 20 inV. 

It was seen that there was a resemblance between the shapes of  the ON (deposition) and OFF (return 
to zero overpotential) curves. Figure 6 compares current-t ime curves. In the previous study the transient 
parts o f  the dimensionless currents were expressed as follows: 

40 20 0 - 2 0  - 4 0  - 6 0  - 8 0  - 1 0 0  

~' (my) 
Fig. 5. Overpotential dependence ofN 2 in 0.5 moldm -3 
CuSO, + 2.0moldm -3 H2SO 4. 
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Fig. 6, Comparison of t~ansiertt cuzients during ON and 
OFF in 0.5 moldm +3 CuSO, + 2.0 moldm -3 H2SO +. 
�9 : ON~o: OFF. 
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The ratio of the transients for ON and OFF can, at short times, be expressed in the following equations: 

Ad-atom Cu ~ as ad-species, 

iOFF JOPF N3 - [ ~  exp \ RT f + exp [-~--~]j (9) 
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Table 1. lnitial current ratios of non-steady parts ON and OFF, J'ON/JoFF, calculated using Equation 10 

N, 

N 3 0.1 1 5 10 20 100 

1 - -  1 . 4  - -  1 + 0 . 4 2  + 1 .6  + 3 .1  + 8.6 
10 + 0.41 + 0.32 -- 0.19 -- 1 -- 3.3 - 

100 + 0.030 + 0.022 -- 0.012 -- 0.057 -- 0.15 -- 1 

Ad4on Cu § as ad-species, 

., , ~ (2n 27i"2' 2n + 1)2rr 2 + (2n 2n2. 

/ON JC)N n=O (lO) 
iovv JOFF n~O IN3 (2n41)27r2]/(2n+l)2nZ[N2+(2n+_41)2r?]" 

It is obvious that Equation 9 could not give the form observed when the ON and OFF curves are com- 
pared. Some calculations using Equation 10 are shown in Table 1. The results show that similar ON and 
OFF curves can be observed only under limited conditions. This is also the case for an ad-atom, as can 
be seen easily from Equation 9. 

The foregoing results do not favour the surface diffusion model. For the model, surface diffusion 
penetration is given by  [9] 

\ i----if-/ ~ . (11) 

The criterion determining whether surface diffusion contributes to the rate controlling step was con- 
sidered to be the value o f  Xo/l, that is, the effect of  surface diffusion is important when boll ~ 1. The 
order of  magnitude of  ~ is 10 -6 cm using Equation 11 for both the ad-atom and ad-ion as the ad-species, 
even when one takes values for the parameters which make Xo small, that is, D = 10 -6 cm 2 s -x, 
io = 0.1 A cm-: ,  Co = 10-a~ and a potential range o f +  4 0 m V  to -- 100 mV. In the present 
study, the copper electrode was considered to have a dislocation density of  the order of  101~ since 
it was cold-rolled and no heat treatment was carried out. It could be valid to consider that dislocations 
function as steps at which ad-speices are incorporated into the lattice of  the electrode [7], so the average 
distance between the steps is assumed to be of  the order of  10 -s cm. This leads to a value o f  Xo//which 
could not always satisfy the condition that Xo/l should be less than unity. It should be noted also that 
the above values of  the parameters were estimated in order to make Xo//smaU. 

In theoretical treatments, the variation of  current with time becomes small if T >  1 (T = Dt/12). The 
corresponding t value is in the range 10 -8 to 10-48, assuming D = 10-s-10-6cm2s-1 and I = 10-Scm. 
Consequently, measurements were performed in a much longer time range (up to 1.5 x 10 -2 s) than 
that for surface diffusion behaviour. The above considerations imply the measurements using poly- 
crystalline electrodes with a time period of  milliseconds would not give us adequate information about 
surface diffusion. 

3.2. The direct incorporation model at hemispherical sites 

It was shown in the previous section that the surface diffusion model could not  be applied to the present 
study. Therefore, other reasons for the current-time behaviour must be considered. These may include a 
geometric change of  the electrode area [1,2] ,  bulk diffusion or some other factor. The first possibility 
may be rejected because o f  the small amount o f  deposition which occurs during the electrodeposition 
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period which is at most 10 -3 C cm -2 for 1.5 x 10 .2 s. This would be possible for an electrode with a very 
smooth surface, but the electrode used in the present study was polycrystalline and had undergone 
pre-electrodeposition treatment. Therefore, the state of  the surface was considered to be 'rough' and the 
quantity of deposition could not cause a change of the actual surface area. Moreover, appreciable current 
decreases were observed even at low overpotentials and the solutions used had relatively high concen- 
trations of  cupric ion; therefore, bulk diffusion could not explain the behaviour in the low overpotential 
region. Hence, other causes of the current-time behaviour were considered. 

3.2.1. Theory. Fleischmann and Harrison [ 10] have suggested a direct incorporation model. They 
considered the incorporation of metal ions discharged at point sites through hemispherical diffusion 
zones preceded by the usual linear diffusion. In the present study, hemispherical sites of finite size were 
considered to be the sites at which the incorporation of atoms takes place rather than point sites, and 
linear diffusion was neglected. 

The model is shown in Fig. 7. A cupric ion arrives at the electrode through a diffusion layer with 
thickness rl - ro and undergoes charge transfer. Then, it is incorporated into the substrate. The diffusion 
equation and conditions are 

a t  = \3r  2 + rar]" (12) 

The initial and boundary conditions are: 

t = O, ro<~r<.rt; c = Co (13) 

t > 0 ,  r = r l ;  c = Co (14) 

r =  to; 3r zFDco Csexp -R---~-r/ --Co exp t--R--~-rl}] = h(Cs-C,) (15) 

where 
io [ % F  

h - z F D c ~ o  exp [-~-~-~rl] (16) 
\ ! 

cl = Co exp R T  r~ . (17) 

It should be noted that D refers not to surface diffusion but to diffusion of cupric ions in solution. 
Co and c s represent concentrations of cupric ion in the bulk solutions and at the surface of hemispherical 
sites, respectively, and the other notations are as usual. Current density, based on smooth unit area, is 
given by Equation 18. 

where S is roughness factor and dimensionless. 

S = 2nmrg (19) 

where m is the number of  hemispherical sites per cm 2. By taking T = Dt/ (r l  --ro),  X = (ra --r)2/(rl  - -ro)  
and U = (c --  eo)ro/Co (rl --  ro), Equations 12 to 15 become 

aU 32U 
a-r = a x  (20) 

/ / / ~ / / / / / /  Fig. 7. Schematic diagram of the direct incorporation 
model at a hemispherical site. 
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with initial and boundary conditions; 

T = O ,  

T > 0 ,  

where 

and 

The solution is [11 ] 

O~<X~<I; U =  0 (21) 

X = 0; U = 0 (22) 

X = 1" 3U+h'(U+A) = 0 (23) 
' 3X 

h' = (1 + roh)(rl -- ro) (24) 
ro 

A = r~h(co--Cl) 
(rl -- ro)(1 + roh)co (25) 

-- h'AX + 2h'A 9 sin (flaX) 
U - (1 + h ' )  ~ (h'+h'2+l~2n) sinfln 

n = l  

where n = 1,2, 3 . . .  are the positive roots of 

f c o t f + h '  = 0. 

The surface concentration, cs is given by 

Co (rl -- ro) 
cs = Ulx= 1 + Co ro 

exp (-- f2nT ) (26) 

(27) 

(28) 

Cs can be expressed as Equation 29 since Equation 26 gives Ulx=l. 

\ ro ] ~l +h'] + 
co(rl--ro) 2h'A ~ exp (--f2nT) (29)  

ro h '+  h '2 +f2n" 
r t = l  

Consequently, current density is given by 

i = ~{zFSDc~ ]~lh'A+h'] ~ + 2zFSDC~ (/ ' l--ro)l ~ exp (--t32T) 
, ro ro J n = l h ' - l - h t 2 q - f 2  n" 

(3o) 

3.2.2. Steady-state conditions. Steady-state current density i~ is deduced from Equation 30, 

i= = zFDSrl(co-- c l)h (31) 
ro + rorlh --r~h " 

This expression can be converted in to the form of Equation 33 by using Equation 32, 

h~4 
1 + h' - U=lx=' (32)  

= (z~(--~-~ 1 (33) 
i= \ r, - t o  /\to~" 

When rl = ro that is, the thickness of the diffusion layer is zero and charge transfer is the rate determin- 
ing step, the steady-state current density is reduced to the usual Butler-Volmer equation, 

i =ioS[exp(  - a e F  ~ - - ~  ] ~. r / / - -exp  \(aaF~?)]'RT (34) 
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Fig. 8. Transients of 2~=, exp (--/3~/T)/ 
(h' + h '2 +/3~) at various h' values. 

On the o ther  hand,  in the case o f r  I >> ro, Equa t ion  33 becomes  Equa t ion  35,  

(;o) i= = z F S D ( c o - -  cs= ) . 

This expression is similar to  the  one  for semi-infini te spherical diffusion [12]. 

Here,  a compar i son  w i t h  exper imenta l  results is no t  given, because it  is uncer ta in  which  value o f  

current  dens i ty  should be chosen as the s teady-state  value. During e lec t rodeposi t ion,  the  area o f  the 

e lec t rode  surface changes,  and it seems invalid to  use the  current  ob ta ined  after  a long t ime as the 

steady-state value which  pertains to  a part icular  surface area. 

(35) 

1 0  0 

A 

~10  -I 
I 

1 0  -2  

I ] I I I I ] I I I I I I I l 

\.\~ 
\2',\\ 

I i I I I I ] I I i [ i I t 
0 . 5  1 5 1 0  

t (ms)  

Fig. 9. Transients of (i - -  i |  in 0.5 moldm -3 CuSO 4 + 
2.0moldm -3 H2SO 4 (a) n = -- 9mV, (b) -- 18mV, 
(c) -- 54mV, (d) -- 69mV, (e) -- 102 inV. 
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3.2.3. Current- t ime behaviour. Equation 30 gives transient (i --  i=)/i=. 

where 

i - - i ~  = 2(h'--R)(1 +h ' )  ~ exp (--/32nT) 
i~ R + 1 h' + h '2 +/3~ 

n = l  

r 1 - -  r 0 
R = - -  

ro 

The transient behaviour of (i --  i~)/i~ can be represented by En= a exp (--~2n/T)/(h'+ h '2 + ~ )  if the 
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Fig. 11. Slopes and intersections at l I T  1~ = 0 obtained 
f rom the plots  in Fig. 10 against 1/h' (a) slopes, (b) inter- 
sections 
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Fig. 12. Current against l i t  ~/2 in 
0.5 moldm -3 CuSO+ + 2.0 moldm -3 
H~SO4. 

size of the hemispherical site and the thickness of  the diffusion layer do not change during the ON time. 
Some transients of 2~ = 1 exp (--t3~/T)/(h'+ h '2 + ~ )  are calculated for various h' values in Fig. 8. 
Equivalent plots can be obtained from the experimental results (Fig. 9). The results show a similar 
behaviour to the theoretical curves. On comparison of the experimental and theoretical curves, the time 
range measured in the experiments is consistent with the T range of 0.01 to 1 for the theoretical curves. 

Then, plots of  En= a h' exp (--  3~ T)/(h ' -F h '2 -V 3z~) against 1/T 1/2 are shown in Fig. 10. The relation- 
ship is linear in the region h ' >  20 and T -  0 .0I-1 .  Plots of  the slopes and intersections, with 1/T  1/2 = O, 
against 1/h' are also linear as shown in Fig. 11. As a result of the two linear relationships, the function 
2~= 1 h 'exp ( - - {3~T) / (h '+  h '2 + {3~) can be converted to the form of Equation 38 as an approximate 
equation using the slopes of the lines with h ' >  20: 

o~ h 'exp (--t32nT) 

h' + h'2 + (32 n rt=l 

The approximate equation for current density is 

0.47 0.26 
- h' ~ h 'T  1/2" (38) 

i = z F S D h ( c ~  --  2 x 0 .47zFSDr~h2(co- -Cx)  + 

r~ + rlroh + r~h (rl --  ro)(1 + roh ~) 

2 x 0.26zFSD1/2r2oh2(co-- cO 
(1 + roh)2t  1/z (39) 
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Fig. 13. Current against lit ]~ in 
0.05 tool dm-3CuSO4 + 0.5 moldm -3 
H2SO 4 �9 

This equation implies a linear relationship between current density and l i t  1/2. These are plotted for 
experimental results in two aqueous solutions in Figs. 12 and 13. Fairly good linearity is obtained with 
relatively low overpotentials, but a deviation from linearity occurs in the high overpotential region. The 
results seem to suggest that the direct incorporation model is applicable at low overpotentials but that it 
cannot hold at high overpotentials where bulk diffusion becomes predominant. 

Some parameters can be estimated from Equation 39. The slope and the difference between the 
intersection at l I T  ~/2 = 0 and the steady-state current density from the experimental plot could give 
the third and second terms in Equation 39. As mentioned before, the true steady-state current density 
cannot be obtained. The only available quantity is the slope. Ifroh "~ 1, the slope is expressed as in 
Equation 40 from the third term in Equation 39. 

0"26(i~ {exp { 2acE - - a c ) F  
7rzFD 3/2 Co rn R T 

The assumption that roh "~ 1 is appropriate because the values o fh  are of the order of 10 -2 to 10 -3 for 
the overpotential range applied. The number of  sites per unit area can be obtained using the values 
z = 2, ae = 0.5, aa = 1.5,D = 7.2 x 10-6cm2s -1 and io = 3 x 10-3A cm -2 for 0.5 moldm -3 CuSO4 
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Fig. 14. Overpotential dependence of the numbers of 
hemispherical sites, m, (a) 0.5 tool dm -3 CuSO 4 + 2.0 tool 
dm -3 H2SO+, (b) 0.05 tool dm-3CuSQ + 0.5 tool dm -3 
H2SO+. 

solution and 4 x 10-4A cm -2 for 0.05 mol dm -3 CuSO4 solution. Fig. 14 shows the dependence of  m 
on overpotential.  In the figure only points which satisfy linearity were plot ted.  The value was of  the 
order of  104 cm -2 and increased with overpotential.  No significant difference was observed between 
the two solutions with different CuSO4 concentrations.  If  a single potential  pulse was utilized for the 
measurements,  no potential  dependence of  m might be expected. In the present study,  however, a 
continuous pulse was applied instead of  a single pulse and measurements of  current - t ime behaviour 
were performed 5 to 10 rain after applying the continuous pulse. Therefore, the period of  the pulse 
would affect the results more at high overpotentials than at low overpotentials because of  the high cur- 

rent passed and in consequence the increased charge at high overpotentials.  This seems to be a cause of  
the sudden increase of  m at high overpotentials.  

As mentioned above, current transients appeared at short times for electrodeposit ion in solutions 
with relatively high CuSO4 concentrations.  Hence, with polycrystall ine copper electrodes the transients 
seemed to be caused by direct incorporat ion into hemispherical sites preceded by hemispherical diffusion 

rather than surface diffusion or an area change o f  the electrode. 
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