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Abstract The effect of temperature on nickel electro-
deposition from a nickel sulfamate electrolyte has been
investigated. All the experimental points in a plot of nickel
film thickness vs. current density collapse onto a single
straight line irrespective of deposition temperature. A
relation derived from the Butler—Volmer equation is suc-
cessful in predicting cathode potential shifts caused by
change of deposition temperature. Moreover, an interface
width, which characterizes the roughness of the surface and
is defined by the root mean square of fluctuation in the
height, is shown to have a saturated value that is related to
the deposition temperature. Thus, two kinds of activation
energies for the charge transfer reaction and for grain
growth are estimated from the temperature dependence of
the cathode potential shift and the grain size.

Keywords Nickel - Electrodeposition - Temperature -
Cathode potential shift - Activation energy

1 Introduction

Nickel electrodeposition from nickel sulfamate electrolytes
[1] has technological advantages in yielding good physical
properties such as low internal stress [2] and in having a
current efficiency higher than 98% [3]. Deposition
parameters affecting the electrochemical behavior and
properties of nickel thin films [4] continue to be studied.
Deposition temperature influences the electrochemical
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processes and the physical properties of electrodeposits
from nickel sulfamate electrolytes. For instance, preferen-
tial crystallographic growth directions are reported [5] to
be significantly influenced by temperature. However, few
studies on the effect of temperature on the growth pro-
cesses in nickel sulfamate electrolytes have been made [3].

An interface width, w(¢) [6] defined by Eq. 1 is often
employed to determine surface growth models for deposits

| 1/2
2
wir) = (Ni_zlmi—h)) , (1)
where ¢ is the deposition time, #; is the height of the deposit
above substrate position i and / is the average height of the
deposit formed by N points. Equation 1 represents the
standard deviation of A;.

In nickel electrodeposition from nickel sulfamate elec-
trolytes, the dynamic behavior of the interface width has
been examined and shown to obey scaling laws that
statistically characterize the surface growth models [7-9].
The grain size of thin films electrodeposited from nickel
chloride electrolytes [10] is reported to increase with
increase in deposition temperature. However, there have
been few studies on the quantitative relationship between
the interface width and the grain size affected by temper-
ature. The present paper will indicate that the interface
width increases with current density and saturates, and that
there exists a clear correlation between the saturated inter-
face width and the grain size of the nickel electrodeposit.

This paper aims at showing that (1) the relation derived
from the Butler—Volmer equation explains the cathode
potential shift caused by change of temperature, (2) the
saturated interface width is related to the grain size which
obeys an Arrhenius-type equation, and (3) the activation
energies for the charge transfer reaction in nickel
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electrodeposition and for grain growth are estimated from
the temperature dependence of the cathode potential shift
and the grain size.

2 Experimental set-up

ITO glass plates with the root mean square roughness of
1.2 nm and carbon plates were prepared for cathode and
anode electrodes. Both electrodes of 10 x 30 mm? were
cleaned by a wet process and located parallel in a quiescent
bath containing (g 1_1): nickel sulfamate, 600; nickel
chloride, 5; and boric acid, 40. The bath at pH 4 was held at
a temperature from 295 to 323 K. Here to avoid decom-
position of nickel sulfamate, an upper temperature
of 323 K was chosen. Current density in the range
1-64 mA cm™? was applied. The cathode potential was
measured with a Luggin capillary comprising Ag/AgCl
electrodes in a KCI solution.

The surface morphologies of the nickel electrodeposits
were observed with Confocal Laser Scanning Microscopy
(Keyence VF7500) that has a resolution of 0.01 pm in
height. The interface width in Eq. 1 was calculated from
the surface profile comprising 512 pixels.

To observe grain boundaries of the nickel electrodeposits
with Confocal Laser Scanning Microscopy, an electro-
chemical etching technique was performed. The ITO glass
plate on which nickel had been deposited and the carbon
plate were located in a 5.4 vol.% sulfuric acid solution. The
nickel electrodeposit was slightly etched for 20 s in the
solution at a fixed voltage of 2.2 V and at 295 K.

3 Results and discussion
3.1 Nickel film thickness and deposition temperature

Figure 1 shows the dependence of the nickel film thickness
on current density at a deposition time of 300 s. It can be
seen that all the experimental data lie on the single straight
line irrespective of deposition temperature. Additionally,
Faraday’s law holds true for the electrodeposits of which
the current efficiency is 96% for the three different
temperatures.

This result leads to a relationship between the cathode
potential and deposition temperature as follows. The nickel
film thickness is linearly proportional to current density in
Fig. 1. Hence, a change of the current density, Aj, caused
by a change of deposition temperature AT should become
zero. If not so, the film thickness varies with change in
deposition temperature. In fact the film thickness at
10 mA cm™? for 307 K and that for 317 K have the same
value as shown in Fig. 1. The current density is expressed
by the Butler—Volmer equation [11]
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Fig. 1 Plot of film thickness vs. current density for deposition
temperature of 295, 307 and 317 K at a deposition time of 300 s

.. zZFoen ZF(1 —oc)n
= _— — - 2
J=Jo [eXP ( RT ) exp ( RT ; (2)
where jj is the exchange current density which has the form
. zFkgT AG 3)
= exp | ——
Jo H p RT )’

where zis the valence number, F is the Faraday constant, ¢ is
the charge transfer coefficient for the cathodic process, 7 is
the cathode potential, R is the gas constant, kg is the
Boltzmann constant, 4 = h/2n where h is the Plank
constant, AG is the free energy change (activation energy)
for the charge transfer reaction in nickel electrodeposition,
and T 'is the absolute temperature. For zFo.n/RT >> 1,Eq. 2
becomesj = joexp(zFun/RT). In this study, it will be shown
in Figs. 2, 3 that the cathode potential # becomes greater than
250 mV, which satisfies the condition zFo.n/RT >> 1 for
o, = 0.5. Combination of Eq. 3 and j for zFa.n/RT >> 1
gives the change in current density Aj caused by change of
deposition temperature AT,

Aj ZFac(n+ An) — AG
E:(T“FAT)CXP{ R(T+AT)

" (4)

Fa.n — AG
~Texp [L} _o.
RT
Equation 4 can be rewritten as
zFo. Ay zFaen  AG

1 _ — =0 5

+ RAT RT RT ’ )

where An is the change of the cathode potential caused by
change in temperature A7. The solution of the ordinary
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Fig. 2 Typical plot of cathode potential vs. current density for
deposition temperatures of 298, 314 and 323 K

differential equation (5) with two variables T and # is given
by

An:efu% / — AG __R eifAngT , (6)
AT Foa. T zFo,

where AT =T — Ty and Ty is the reference temperature.
Finally, the solution becomes

AG R
Ay = — AT.
1 <zFoccTo * zFocC> )

This equation indicates that the change in cathode potential
is linearly proportional to the change in deposition
temperature.

Figure 2 shows a plot of the current density vs. the
cathode potential for three different temperatures and
enables us to estimate the change of cathode potential
caused by the change in deposition temperature.

Figure 3 shows the cathode potential shift Ay caused by
change in deposition temperature AT for four different
current densities using Fig. 2. At a current density greater
than 16 mA cm ™2, the cathode potential 5 becomes greater
than 250 mV, which satisfies the condition zFo.n/RT >> 1
for o, = 0.5. As Eq. 7 predicts, it can be seen from Fig. 3
that the change in cathode potential is linearly proportional
to the change in deposition temperature. Thus, the reason
why all the experimental points collapse on the single
straight line for the different deposition temperature is
indicated. The slope best fitted to the data in Fig. 3 gives
the activation energy for the charge transfer reaction,

AT /K

Fig. 3 Plot of cathode potential shift An caused by change in
temperature AT for different current densities. The values of Ay and
AT are obtained from Fig. 2 and the reference temperature Ty is
298 K

AG = 53.8 & 2.3 kJ mol ™', which is a little larger than
that for copper, 50.6 kJ mol™" [12].

3.2 Relation between saturated interface width
and grain size

Figure 4a shows a microscope image of nickel grown at
295 K and at a current density of 32.7 mA cm ™2, and its
surface height measured for the calculation of w(¢) in Eq. 1.
The surface is smooth and bright with average surface
height 4 of 0.21 4 0.02 pm.

Figure 4b shows the dependence of w(f) on the current
density for three different temperatures. The interface
width of nickel electrodeposits from the nickel sulfamate
electrolyte, w(f) has been reported to have a scaling prop-
erty with respect to the growth time ¢ [7-9, 13], which is
represented by

B
W(I)N{ P, <t

ws, t>1t.]

(3)

where ¢, is the cross over time, f§ is called the growth
exponent and wy is the saturated interface width dependent
on system size L [6]. The interface width reaches a satu-
rated value wyg at ¢t = f.. In addition, the saturated interface
width wy follows a power law, wy ~ L% The exponent o is
called the roughness exponent. There are contradictory
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studies on the dependence of the interface width on the
current density; references [14, 15] state that the interface
width increases at a low current density and decreases at a
higher current density and the other reference states [16]
vice versa. This is because the interface width used in the
References [14-16] may be one at 7 <t that is, the
unsaturated interface width.

In fact, in our experiment the unsaturated values of the
interface width are observed in Fig. 4b in which all the
points are measured at a deposition time of 300 s. For
instance, w(?) at less than 40 mA cm ™2 and at a deposition
temperature of 317 K does not reach the saturated interface
width w,. The interface width at less than 40 mA cm 2
needs a longer deposition time than 300 s to saturate. At
current density greater than 40 mA cm ™2, w(r) reaches the
saturated value w, with some scatter. Hence, in this study,
wg is used to investigate a relationship between the satu-
rated interface width and the grain size.

Figure 5 shows a microscope image of the electro-
deposit of which the interface width reached the saturated
interface width. The surface was slightly etched to observe
grain boundaries with Confocal Laser Scanning Micros-
copy. The grain size was determined by the average of the
major and minor axis of the grain in Fig. 5.

The average grain size, d and the saturated interface
width, wy for three deposition temperature are plotted in
Fig. 6a. The average of w(f) independent of the current
density in Fig. 4b is calculated as w,. For instance, the
average of four points at a current density greater than
18 mA cm ™ is taken as wq at a temperature of 307 K. It
can be seen that the average grain size increases with an
increase in wy. To determine the activation energy AH for
grain growth an Arrhenius-type equation is assumed
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Fig. 5 Typical microscope image of the nickel electrodeposit slightly
etched in the 5.4 vol.% sulfuric acid solution at 2.2 V and at 295 K.
The nickel electrodeposit was grown for 300 s at 317 K and
63.8 Ma cm 2

dox e, 9)

where d is the average grain size of the nickel electro-
deposits of which the interface width reached the saturated
interface width. Figure 6b shows a reciprocal plot of
temperature for the average grain size. The slope gives the
activation energy for grain growth in the surface,
2.3 £ 0.3 kJ mol ™' (0.2 eV per atom), which is approxi-
mately equal to the activation energy for self-diffusion on
(111) nickel surfaces [17]. However, this may not indicate
that the crystallographic surface planes comprise (111).
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Further studies, not only on the crystallographic growth
direction [18], but also on the crystallographic surface
planes, will be needed.

4 Conclusion

Nickel electrodeposition from nickel sulfamate electrolyte in
the temperature range 295-323 K has been investigated. The
relation required for all the experimental points in a plot of
nickel film thickness vs. current density to collapse to a
single straight line is derived. The relation is found to support
the experimental result of the cathode potential shift caused
by change in temperature. In addition, the interface width
w(?) increases with the current density and saturates to a fixed
value dependent on deposition temperature. There exists a
relation between the saturated interface width and the grain
size. Additionally, the activation energies for the charge-
transfer reaction and for grain growth are estimated at
53.8 & 2.3 and 2.3 + 0.3 kJ mol .
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