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STUDY OF THE ELECTROCRYSTALLIZATION OF NICKEL 
BY ELLIPSOMETRY 

M. Y. ABYANEH, W. VISSCHER and E. BARENDRECHT 

Laboratory for Electrochemistry, Department of Chemical Technology, Eindhoven University of 
Technology, P. 0. Box 513, 5400 MB Eindhoven, The Netherlands 

(Received 2 August 1982) 

Abstract-The initial stages of the electrocrystallization of nickel are studied by simultaneous ellipsometric 
and amperometric investigation during potentiostatic deposition. Theoretical equations for A and Y-time 
transients are derived for both conical and hemispherical growth forms. It is shown that these equations can 
adequately describe the experimental optical transient data. Moreover, the ellipsometric monitoring of the 
deposition process gives information regarding the topography of the deposit. 

1. INTRODUCTION 

The study of electrocrystallization processes is both of 
theoretical and practical interest. The kinetics and the 
morphology of the deposit have been shown to be 
determined by the very initial stages. These initial steps 
can be adequately studied by the potential step tech- 
nique. Detailed models of nucleation and crystal 
growth have been developed and theoretical 
current-time relationships have been derived[i]. 
Experimental transients of the electrocrystallization of 
nickel were studied by computer aided analysis[2]. 

Ellipsometry is an optical method for in situ moni- 
toring of film growth on a substrate. It will be shown 
in this paper that simultaneous ellipsometric and 
amperometric investigation during the potentiostatic 
deposition will provid-e further information about 
electrocrystallization. 

Ellipsometry is the measurement of the state of 
polarization of light[3]. It is used to determine either 
the properties of a surface or the properties of a film on 
a known substrate. The technique is based on the 
relative changes in the polarization state of light 
occurring during reflection at a substrate and has been 
shown to be a sensitive method for detection of very 
thin films. 

The measured parameters A (phase difference) and 
Y (arctan of amplitude ratio) are related to the optical 
constants by the expression 

p = tanY eiA, 

p = complex reflection coefficient. 

(1) 

For a three-phase system (medium-film-substrate) p is 
a function of the refractive index of the medium (N,), 
film (NF) and substrate (N,); as well as of the angle of 
incidence (q!~), wavelength (1) and film thickness (d). in 
formula 

rMF.p+rFS,pexp ceiD) 

’ = 1 + rMF, gFS, ,exp (-iD) 

1+hF,s~FS,~exp(-i~) 
x 

+ TFS, b exp t - i@ TMF. 5 
12) 

with D = 4~(d/l)N~cos#. (Fig. 1); YMF’ r FS 

= Fresnel coefficient of reflection at boundary be- 
tween 2 phases M-F, respectively F-S; subscripts p and 
s refer to parallel and perpendicutar light. 

For an ideal isotropic film, calculation of A and ‘I-’ 
for a known value of N, is a straightforward pro- 
cedure. Vice uersa, N, and d can be obtained from 
measured values of A and ‘E’. 

When this 3-phase model is applied to study film 
growth, it requires that film formation should occur via 

initial rapid formation of a thin homogeneous film 
which subsequently grows homogeneously into the 
solution. However, such a growth model is not realistic 
for electrocrystallization processes and therefore a 
model will be developed to calculate A and ‘I’ during 
film growth on a substrate. 

2. THEORETICAL 

Electrocrystallization processes usually take place 
cia nucleation and three-dimensional growth of cen- 
tres[4, 21. The deposit (at least during the initial stages 
of growth) is, therefore, rough and its topography is 
continuously changing with time. This implies that the 
three phase model, Fig. 1, is not applicable for these 
processes as there is no smooth boundary parallel to 
the substrate between the deposit and the medium. 
Here we propose a model, Fig. 2, in which the film 
phase of Fig. 1 is substituted by a layer, of thickness d, 
consisting of the deposit and the medium and having a 

Fig. 1. Reflection of light at a substrate covered with film of 
thickness d. 
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Fig. 2. Film layer model used for the calculation of Ncm. 

time-dependent refractive index, NeK_ It is assumed 
that, Ner, at any time t follows the simple relationship 

IV,,= wN,+(l -w)NM, (3) 
where w is the volume fraction of the deposit and is 
given by 

V 
cV=--. 

d 

N, = refractive index of the deposited metal; V is the 
actual volume of the deposit per unit area of the 
substrate. 

Now I/ is related to the current density i: 

p&M s I 

~FP n 
i, dv, 

where M (g mol- ‘) and P (g cmm3) are the molecular 
weight and the density of the deposit and z F (C mol- ‘) 
is the charge transferred per deposited ion. The current 
i, at any time Y and therefore Neft-depends on the shape 
of growth centres. Several forms of growth can be 
considered. Here two forms are given. 

Right-circular cone growth forms 

Figure 3 depicts the growth formsat different times. 
The general current-time equation due lo the poten- 

t 
k’ 

Fig. 3. Growth of right-circular cones, shown at four dif- 
ferent times. 

tiostatic deposition is given by[5] 

where k’ (mol cm -2s-1)andk(molcm-2s-1)arethe 
rates of crystal growth in the direction, respectively, 
perpendicular and parallel to the substrate, A (nuclei 
cm-* s-l) is the original rate of nucleation per unit 
area of the substrate and A’ (s-l) is the rate of 
conversion of a site into a nucleus. It has been 
shown[2] that for the deposition of nickel from 
sulphate media the initial rising current can be ad- 

equately described by the equation[4] 

(7) 

which follows from (6) for the special case: (l/A’) large 
compared to the overall transient time. 

Equations (6) and (7) predict an asymptotic ap- 
proach of the current to a value of zFk’ (A cme2) at 
long times, as is shown in Fig. 4. The experimental 
transient current due to the electrocrystallization of 
nickel, however, goes through a maximum[2]. This 
maximum current was then explained by introducing a 
“death” and “rebirth” mechanism[ 1,2] in which ces- 
sation of crystal growth (“death”) in the direction 
perpendicular to the substrate and synchronized re- 
nucleation (“rebirth”) of new centres is assumed to 
take place. It must be noted that (7) can still be used for 
the initial stages prior to “death” and “rebirth” of 
growth centres. 

E 
5 
u 

Fig. 4. Current-time transient for potentiostatic deposition 
according to (6) and (7). 

The actual volume fraction, w, at any time t prior to 
“death” and “rebirth”, is given by the combination of 
(4), (5) and (7) with 

therefore, 

e -pv: dv, 

where 

nM2k2A 
P= 

3p2 . 

(9) 

The value of N,, at any time L is then obtained by 
substituting equation (9) into (3). 

Hemispherical growth forms 

A second growth form which will be considered, 
is growth via hemispherical centres (Fig. 5). It was 
recently shown[6] that nucleation and three- 
dimensional growth of hemispherical centres can 
account for the whole current-time transients due to 
the electrocrystallization of nickel without the concept 
of “death” and “rebirth”. The current-time equation 
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alumina, down to O.O5pm, the electrode was then 
cleaned ultrasonically in double distilled water. 

Ni electrodeposition was carried out from 0.1 M 
NiSO, + 0.6 M NaCl + 0.58 M H,BO,. 

Fig. 5. Growth of hemispherical centres shown at four After insertion of the sample, the A and Y readings 
different times. were taken at the initial potential of - 120mV us see; 

then a potentiostatic step to E = -90ilmV was ap- 

for (l/A’) large compared to the time Y (as in thecase of plied. The transients for current, A and Y are given in 

deposition of nickel from sulphate media), is given Figs 6 and 7, respectively. 

by161 

i = 3zFkP 
s 

y (v2 - 8) 
0 

x exp [ - P(v3 - 3vu2 + 2u3)]du, (11) 

where k (molcm-* s-’ ) is the rate of growth of 
hemispherical ccntres. The volume fraction is then 
given by the combination of (4), (5) and (1 I) with 

&Et_ (12) 
P Time/s 

Therefore, Fig. 6. Current-time transient due to the electrodeposition 

3P 1 y 
of nickel on a vitreous carbon substrate during a potential 

w=- 
ss t 00 

(VZ -u’) step from E = - 120 to E = - 900mV (us see). Solution 
composition 0.1 M NiSQ,, 0.6 M NaCI and 0.58 M HSB09. 

xexp[-P(v3-33vu2+2u3)]dudv. 
(13) 

By substituting (13) in (3) N, based on the hemi- 
spherical growth form is obtained. 

32 93 

With N,Rand d calculated for the two growth forms, 30 80 

A and ‘P transients can now be computed using (1) 
and (2). x) 

28 

3. EXPERIMENTAL 
50 

24 

The electrodeposition experiments were carried out 40 

for Ni and Co deposition on vitreous carbon substrate. 22 

The substrate was embedded in perspex and arranged 
in an electrode holder. The optical cell was a cylindrical 

0 32 64 96 128 
30 

Teflon cell with quartz windows fixed for angle of 
Time/s 

incidence of 70”. Fig. 7. As in Fig. 6, ellipsometrk A and T transient. 
The experiments were performed using a saturated 

calomel electrode as the reference electrode and Pt as 
the counter electrode. The soIutions were prepared Co electrodeposition was carried out from 0.1 M 

using AnalaR chemicals. CoSO, + 0.58 M H3BOs by applying a potential step 

The ellipsometer was the Rudolph RR 2000 auto- from the open circuit potential E, = 17 mV to E = 

matic with 546.1 nm filter for the Ni deposition - 925 mV 11s see. The results are given in Fig. 8. 

experiments and with a 650nm filter for the Co 
experiments. 

Potential steps were applied with a WENKING 5. DISCUSSION 

potentiostatcontrolled by a PAR Model 175 Universal 
programmer. 

5.1 Nickel-deposition 

The changes in current, A and YL during the appli- In the theoretical section equations were derived by 
cation of a potential step were simultaneously which the shape of the A-t and T-t transients can be 
recorded. computed provided that the parameter P [defined in 

(lo)] and the refractive indices of deposited metal, 

Preparation of the substrate substrate and medium are known. 
For the model based on the conical growth form, P 

The vitreous carbon (area 0.20cm’) electrode was is obtained from the maximum slope of the rising part 
mechanically polished with successively finer grades of’ of the current-time transient according to ~~ 

4. RESULTS 
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Fig. 8. Current, A and Y transients of the elcctrodeposition ofcobalt on a vitreous carbon electrode during a 
potential step from E = 17 to - 925 mV 0s see. 

/di13 

(14) 

(Wdv), =I,,, 
is the differential of (7) at time t,where the 

differential has a maximum value. 
The value of zFk’ is obtained from the maximum 

current. From the experimental current-time transient 
fornickel(Fig.6)avalueofP=1.7x10-5s-3anda 
growth rate of 9As-’ is obtained. Using these data 
and with N n = 2.0-4.0 i, the A-t and Y’ c transients are 
computed (Fig. 9). The calculated A-r transient follows 
nearly the same pattern as observed experimentally 
{fig. 7) except for the initial shallow minimum. The 
calculated ‘I-t transient, however, though it shows a 
maximum and a mimmum as observed experimentally 
(Fig. 7) differs both in the time and in the value at 
which the predicted maximum and minimum are 
observed. 

It was found that decreasing the value of the rate of 
outward growth (u) would change ‘I’,, and ‘I’,, 

Fig. 9. Calculated A, ‘f’ transient for conical growth form 
withP= 1.7x IO 5s~‘;growthrate=9As~‘;No=2-4i. 

towards the experimental data as can be seen in Fig. 10. 
However, a lower v-value cannot be accounted for in 
the conical model; the value of o will even be larger if 
“death” and “rebirth” of crystal growth are taken into 
consideration. We also note that even an unrealistic 
assumption of 2A s- ’ for the rate of outward growth 
of cones does not predict the correct time at which a 
maximum and a minimum in Y is obtained (compare 
Fig. 10 b with Fig. 7). 

The hemispherical growth model, however, predicts 
smaller values of growth rate. Figure 11 shows the A-f 
and Y-r transients calculated with the hemispherical 
model, with Nn = 26 4.0 i and for a growth rate of 
3 A s- *, which gives the best fit with the experimental 
results of Fig. 7. 

Obviously the hemispherical model not only ex- 
plains the current-time transient without any further 
assumptions as was necessary for the conical model, 

32 

30 

28 

20 
0 

(a) 
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(‘4 Time/s 

Fig. 10. a, b. Calculated A(a) and Y(b) transients for conical 
growth form with P = 1.7 x 1Dc5s-‘; ND= 2-4 i and 
growth rates ofgAs_’ (curve 1),3A s-l (curve 2)and ZAs-l 

(curve 3). 

but it also approaches the experimental curve more 
sensibly. The above found value of 3A s- ’ is too 
low[4], however, that is to say a more rapid increase 
with time of the volume fraction is required; consider- 
ation of other growth forms will be given in future 
publications. 

A higher volume fraction indicates a higher effective 
optical density of the layer which can also be effected 
by a higher value of IV,. The value of the refractive 
index of the deposited nickel under the above exper- 
imental conditions is not exactly known. Figure 12 a, b 
shows the effect of a change of N, on the optical 
transients. The value of N, = 2-4 i as used in the 
calculation of Fig. Ii was found to give the best fit. 
This value is in reasonable agreement with literature 
data. 

Increase of the rate of coverage (P) has, of course, a 
similar effect. Increase of P shifts the A-r and Y-t 
transients to shorter times, as shown in Fig. 13. 

SO- 

(a) Time/s 

04 Time/s 

Fig. 11. a, b. Calculated A(a) and Y’(b) transients for hemi- 
spherical model with P = 1.7 x toe5 s-‘; N, = Z-4 i and 
growth ratesof9AsC’ (curve 1),3As-’ (curve 2)and2As-’ 

(curve 3). 

5.2 Cobalt deposition 

The observed current-time transient of the de- 
position of cobalt, Fig. 8, has the same shape as that of 
nickel. Therefore, the optical transients can be ex- 
pected to be similar to those of nickel, as was indeed 
observed (Fig. 8). 

5.3 The model 

The model used for the calculation of the film 
refractive index is based on the addition rule. Such a 
rule has been applied by Archer[7] for submonolayer 
coverage and it has been shown in several cases that for 
very thin films the experimental results permit the 
apphcatlon of this model. Other models have also been 

Time/s 
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(b) 
Fig. 12. a. b. Effect of change of Novalues on the calculated 
A(a) and Y(b) transients (hemispherical model) with P = 1.7 
x 10-5s-’ and growth rate 3As-‘; Nn = 1.5-3.51’(l); N, 

= 24.0 i (2); N, = 2-3.5 i (3). 

(4 Tlmek 

Fig. 13. a, b. Effect of increase of the rate of coverage (P) on 
the calculated A (a) and ‘i’(b) transients (hemispherical model) 
withN,,=Z-di,growthrate3As-‘;P= 1.7~1O-~s-‘(l); 

1.7 X 10F4s_ ’ (2); 1.7 Y lo-5s- ’ (3). 

proposed for the calculation of an effective refractive 
index such as that based on the Maxwell Garnett 
theory[3]. 

This theory can only be applied if the film consists of 
particles randomly distributed. The application of 
such a model to clectrocrystallization obviously fails; 
although centres of growth are randomly formed on 
the substrate, they are not randomly distributed in the 
film. 

Hence, the model proposed was used to get some 
idea about the shape of the A, Y transients. The above 
results show that the A, V transients calculated on the 
basis of this model are in agreement with the exper- 
imental transients. The change in IV,, with time as 
calculated for the case of Fig. 11 with growth rate of 
3 A s ’ is given in Fig. 14. The value of n - ik after 150 s 
is 1.95- 3.72 i which implies that oat this time is about 
SOU,. 

Fig. 14. Change N,rwith time during filmgrowth, calculated 
wilh data of Fig. 11, u = 3As-’ (curve 2). 

6, CONCLUSIONS 

Theoretical equations were derived for the variation 
of A and Y with time during an electrocrystallization 
process. Despite the complexity of the formulae, these 
questtons can adequately describe the optical transient 
data. 

Furthermore, the elhpsometric monitoring of the 
deposit seems to be also a transient technique which 
can distinguish the detailed shape (topography) of the 
growth centres. This was shown by comparing the 
experimental optical data for the deposition of nickel 
with the calculated optical transients for the two 
growth forms: right-circular cone and hemispherical. 

The dominating factor in the determination of the 
shape of the A and Y transients is shown to be the 
optical density of the composite layer which in turn is 
determined by the volume fraction and the refractive 
index of the deposited metal. 
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