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Abstract

The e�ects of chloride, bromide and iodide additions on the internal stress developed in nickel ®lms deposited
during high speed electroplating from nickel sulfamate baths operated close to the nickel ion limiting current density
were investigated. The variations in internal strain in the ®lms were detected in situ using a resistance wire-type
strain gauge placed on the reverse side of the copper substrate. The ®lm resistance on the as-plated electrodes was
measured using an electronic current interrupter technique. The e�ects of chloride, bromide, and iodide additions
could be classi®ed into two groups: (a) chloride and bromide ions, and (b) iodide ions. For chloride and bromide
additions over the concentration range of 0.1 to 0.5 M, the nickel deposits exhibited a block- and pyramid-like
texture with a (2 0 0) crystal orientation. The internal tensile stress developed in 20 lm thick nickel ®lms deposited
in the presence of these two halides was as low as 140±170 MPa. Conversely, for additions of iodide, at iodide
concentrations greater than 0.1 M the deposited nickel exhibited a ®ne granular texture of disordered crystal
orientation. The internal tensile stress developed in 20 lm thick nickel ®lms deposited from these latter baths tended
to rise with increasing iodide concentration to values considerably higher than those observed at similar
concentrations of NiCl2 or NiBr2.

1. Introduction

High speed electroplating recently has become widely
used in the industrial mass production of components
used in electronic instruments. High speed nickel elec-
troplating, in particular, has become popular as a
microelectroforming technique for the manufacture of
microsystem technologies [1, 2]. For such applications,
nickel sulfamate baths containing boric acid additions
are favored over standard Watts-type baths because the
nickel ®lms obtained from a sulfamate bath (especially
thick ®lms) typically have lower tensile stresses than
®lms of similar thickness obtained from a Watts bath
[3]. The anodes used with such baths typically consist of
nickel, to which has been added low (e.g., 0.02 wt %)
amounts of sulfur to promote dissolution [4, 5]. How-
ever, nickel anodes tend to form resistive passive ®lms
on their surfaces [6], and the highly positive anodic
potentials generally associated with high speed nickel
electroplating tend to increase this passivity, resulting in
increased applied cell voltage, increased power costs,
unwanted changes in the pH and nickel ion concentra-
tion of the bath, and even in decomposition of sulfamate
ion [7, 8].

To alleviate these problems, halide ions usually are
added to the plating bath to promote the dissolution of
the anode by destabilizing the passive ®lm on its surface.
However, chloride or iodide ions tend to raise the tensile
stress in the deposited nickel ®lms [9]; conversely,
bromide ions at the same concentration tend somewhat
to decrease it [10]. Thus, any discussion of the e�ects of
halide ion additions must take into account not only the
reduction of anode passivity, but also the tensile stress in
the electrodeposited ®lms that are produced.
In this paper we report on our studies of the e�ects of

chloride, bromide and iodide ion additions on the
internal tensile stress in ®lms produced during high
speed nickel electroplating from sulfamate baths oper-
ated close to the nickel ion limiting current density.

2. Experimental details

The compositions of the sulfamate baths employed are
given in Table 1. Each halide was added to the bath as
NiX2 (where X = Clÿ, Brÿ or Iÿ) with the total
concentration of nickel ions in each bath kept constant
at 1.55 M. Each bath also contained 0.81 M boric acid,
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which has been shown to inhibit hydrogen evolution
during the nickel electrodeposition process at high
current densities close to the nickel ion limiting current
density, and, consequently, to suppress any increases in
the internal stress in the deposited nickel ®lm [11, 12]. In
order to avoid any effects of concomitant oxidation of
the sulfamate ion, the surface area of the 99.99% pure
nickel foil counter electrode was made relatively large
(10 cm2); also, for each experiment the 150 mL of
electrolyte was replenished after the passage of 120 C of
electricity, corresponding to a deposited nickel ®lm
thickness of approximately 20 lm. The electroplating
was carried out galvanostatically at 50 �C in a beaker-
type cell without stirring at a current density of 18.0
A dmÿ2, corresponding to approximately 90% of the
nickel ion limiting current density. For each experiment
the substrate metal receiving the deposit consisted of a
25 mm � 8 mm rectangular piece of 0.6 mm thick
commercial copper foil (99.9% Cu). After cutting, each
copper electrode was annealed in a vacuum at 350 �C for
2 h, followed by electropolishing at room temperature
for about 5 min in 50 vol % phosphoric acid before use.
As mentioned above, the counter electrode consisted of
a piece of commercial nickel foil of 99.99% purity. All
potentials were measured and reported against the Ag/
AgCl sat. KCl reference electrode (0.197 V vs SHE at
25 �C).
The average internal strains in the deposited nickel

®lms were determined in situ using a resistance wire-type
strain gauge ®xed to the reverse side of the copper
substrate [13]. This strain gauge, which expands and
contracts with the bending of the copper substrate
during the electroplating process, has been shown to
precisely re¯ect the residual stress in the nickel deposit
[14]. The internal stresses in the deposits were calculated
from the internal strains using values of Young's
modulus and Poisson's ratio of, respectively,
201.0 GPa and 0.31 for the nickel ®lm, and 122.6 GPa
and 0.34, respectively, for the copper substrate [15]. The
values of internal stress obtained using this method are
similar to those that would be obtained using the spiral
contractometer method [16]. A Hokuto Denko (model
HC-110) current interrupter set at a pulse time of 50 ms
and a duty cycle of 50% was used to measure the IR-
drop [17], which consisted of the ®lm resistance of the
as-plated electrode and the solution resistance between
the electrode and the tip of the Luggin capillary, the
latter being maintained at a distance of 2 mm from the

surface of the depositing ®lm. The speci®c conductivities
of the plating baths were measured using a Hitachi-
Horiba (model DS-12) conductivity meter. The amounts
of deposited nickel were determined by dissolving the
nickel ®lms in acid and using an atomic absorption
analyser to measure the nickel concentrations of the
resulting solutions. X-ray di�raction (XRD) and scan-
ning electron microscopy (SEM) were used to determine
the crystal structure and the morphology, respectively,
of the nickel deposits.

3. Results and discussion

3.1. E�ects of halide ions on internal stress of deposit

Figure 1 shows the internal tensile stress in nickel ®lms
plated at 18.0 A dmÿ2 as a function of ®lm thickness for
di�erent concentrations of chloride ion added to the
bath. Similar plots for additions of bromide ion and
iodide ion are presented in Figures 2 and 3, respectively.
Although the behaviour at times is a complex function
of halide ion concentration, in general, Figures 1 to 3
indicate that the internal tensile stress in the plated ®lms
increased in the order of NiCl2 < NiBr2 < NiI2. Near
the beginning of the electroplating (i.e., for 1.0 lm thick
®lms) the internal tensile stresses in the nickel ®lms
plated from baths containing chloride ions and bromide
ions were more or less in excess of 400 MPa; as the
plating proceeded and the ®lms thickened, the stresses
gradually fell to lower values. However, from Figure 3 it

Fig. 1. Typical example of relation between internal tensile stress and

average ®lm thickness for nickel ®lms electrodeposited at 50 �C from

sulfamate baths containing di�erent amounts of NiCl2. [NiCl2]: ( )

0, ( ) 0.02, (- - - - -) 0.05, (± - ± -) 0.10, (± ± ± ±) 0.20 and (± - - ± - -)

0.50 M.

Table 1. Composition of nickel sulfamate baths used for high speed

electroplating

Bath A B C D E F G

Ni(OSO2NH2�2/M 1.55 1.54 1.53 1.50 1.45 1.35 1.05

NiX*2/M ± 0.01 0.02 0.05 0.10 0.20 0.50

H3BO3/M 0.81 0.81 0.81 0.81 0.81 0.81 0.81

pH 4.0 4.0 4.0 4.0 4.0 4.0 4.0

*X=Clÿ, Brÿ, Iÿ
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can be seen that the initial behaviour (1.0 lm thick
®lms) was more complex in the case of iodide ion
additions: at low concentrations the stress was initially

high, but decreased as the concentration of NiI2
increased, passing through a minimum around 0.05 M

NiI2, after which it gradually increased again with
increasing iodide concentration.
Hoar and Arrowsmith [18] explained qualitatively the

origin of these observed tensile stresses on the basis of
dislocation theory, according to which the strains
develop because of the mis®t between the nickel deposit
and the copper substrate when the former continues the
structure of the latter. The stresses which can develop
when such epitaxial deposition occurs can be very high
[19, 20]. In the present study, calculations indicate that
the percentage of mis®t was 2.6% for the Ni [1 0 0] //
Cu [1 0 0] axis in the Ni (1 0 0) // Cu (1 0 0) planes [21].
Returning to the e�ect of the iodide ion, it is noted

from Figure 3 that for NiI2 additions at concentrations
greater than 0.02 M, the internal tensile stress passed
through a maximum with increasing ®lm thickness, and
then gradually decreased. Figure 4 shows that, in
general, the higher the iodide concentration, the greater
was this maximum value of the tensile stress, and the
thinner was the ®lm thickness at the maximum value.
On account of the formation of cuprous iodide, which is
a slightly soluble salt (KSP � 5:1� 10ÿ12 at 20 �C),
iodide ions tend to adsorb on the copper substrate more
strongly than chloride and bromide ions [22, 23].
Consequently, it would appear that these adsorbed
iodide ions are able to interfere with the epitaxial
deposition of nickel onto the copper, resulting in the
high stresses observed during the initial stages of the
electrodeposition process.
Figure 5 shows the relation between the level of halide

ion addition and the resulting internal tensile stress in
20 lm thick nickel ®lms. Each curve in Figure 5 was
obtained by averaging the data from three replicate
stress-deposit thickness curves similar to the represen-
tative curves shown in Figures 1, 2 and 3. With
increasing concentration of each type of halide ion,

Fig. 2. Typical example of relation between internal tensile stress and

average ®lm thickness for nickel ®lms electrodeposited at 50 �C from

sulfamate baths containing di�erent amounts of NiBr2. [NiBr2]: ( )

0, ( ) 0.02, (- - - - -) 0.05, (± - ± -) 0.10, (± ± ± ±) 0.20 and (± - - ± - -)

0.50 M.

Fig. 3. Typical example of relation between internal tensile stress and

average ®lm thickness for nickel ®lms electrodeposited at 50 �C from

sulfamate baths containing di�erent amounts of NiI2. [NiI2]: ( ) 0,

(± ± ± ±) 0.01, ( ) 0.02, (- - - -) 0.05, (± - ± -) 0.10, (- - - -) 0.20 and

( ± - - ± - -) 0.50 M.

Fig. 4. E�ect of NiI2 concentration on maximum tensile stress and

®lm thickness at maximum tensile stress.
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there is an initial increase in the internal tensile stress to
a maximum value, followed by a decrease to a minimum
value and then a further increase. For NiI2 and NiBr2
additions, the initial maximum value of the tensile stress
occurred at a halide concentration of about 0.02 M; for
NiCl2 the maximum was at about 0.05 M. Similarly, for
NiI2 the corresponding minimum value was observed at
about 0.05 M, while for both NiBr2 and NiCl2 the
minimum occurred at about 0.25 M. In particular it is
noted that at halide additions greater than about 0.1 M,
the stresses developed in the presence of iodide ions were
much higher than those developed in the presence of
bromide ions or chloride ions.
The above results indicate that, in the presence of

halide ions, the development of tensile stresses in plated
nickel ®lms can occur via more than one mechanism,
depending on the concentration of NiX2. For the
sulfamate bath used in the present study, the critical
concentration of NiCl2, NiBr2 and NiI2 at which the
mechanism changes was about 0.1 M. Marti [9], who
also studied the effects of halide additions to sulfamate
baths ± but only in the higher concentration region 0.1±
0.5 M ± also observed that the stresses developed in the
presence of NiBr2 were somewhat lower than those
developed in the presence of NiCl2 and much lower than
those developed in the presence of NiI2. Thus, although
there is general agreement among investigators that the
addition of chloride ions raises the stress in the nickel
®lms plated from Watts-type baths [24], Figure 5 shows
that in the case of sulfamate baths operated at high
current densities near the limiting current density, NiCl2
additions in the concentration region 0.1±0.5 M do not
always result in highly stressed deposited ®lms.

3.2. Surface morphology and crystal structure

In general, a bath additive a�ects the surface morphol-
ogy and crystal structure of an electroplated ®lm.
Figure 6 shows the e�ects of the various halide ions
on the surface morphologies and crystal structures of
the nickel ®lms plated from the sulfamate baths used in
this study. The ®lms plated from baths containing NiCl2
or NiBr2 always consisted of silver±white coloured
block- and pyramid-like deposits, which were similar
to those obtained from sulfamate bath A, containing no
halide additions. On the other hand, the surface
morphology of the nickel ®lms plated from sulfamate
baths containing NiI2 changed from a block- and
pyramid-like texture at NiI2 concentrations less than
0.01 M to a ®ne, granular deposit at NiI2 concentrations
greater than 0.02 M; the deposit appearance concomi-
tantly changed from silver-white to dark gray at NiI2
concentrations greater than 0.02 M. These changes in
the surface morphology of the deposit with NiI2
concentration correlate very well with the changes in
the internal stress in the ®lm, shown in Figure 5. Fine
granular deposits such as these are typical of deposits
produced during electroplating from baths containing
strongly adsorbed additives under conditions exceeding
the limiting current density [25].
Figure 7 shows the XRD patterns of the plated nickel

®lms obtained from sulfamate baths containing the
various halide ions. The ®lms plated from baths
containing NiCl2 or NiBr2 always consisted of nickel
with a (2 0 0) crystal orientation; these ®lms were
similar to those obtained from sulfamate bath A (no
halide additions), and tended to have relatively low
tensile stresses. But, as Figure 7 clearly shows, the
crystal orientation of the nickel ®lms plated from
sulfamate baths containing NiI2 additions was quite
di�erent: at low NiI2 concentrations (0.02 M NiI2) the
deposits had a (2 0 0) crystal orientation; however, as
the NiI2 concentration increased, in addition to nickel
having a (2 0 0) crystal orientation, increasing amounts
of nickel having a (1 1 1) and a (2 2 0) crystal orienta-
tion also started to appear. For the purpose of com-
parison, the relative intensities of the (1 1 1), (2 0 0) and
(2 2 0) planes in ASTM standard nickel powder are 100,
42 and 21, respectively [21]. Therefore, it can be seen
that as the NiI2 concentration in the sulfamate bath is
increased, the crystal structure of the nickel deposit
changes gradually from a (2 0 0) preferred orientation
to a disordered orientation that approaches that of
standard nickel powder. These results correspond to a
change in surface morphology from a block- and
pyramid-like texture to a ®ne granular texture with an
increase in the NiI2 concentration.

3.3. Current e�ciency

At a plating current density of 18.0 A dmÿ2, the current
e�ciency obtained from bath A without any halide ion
additions was almost 100%. In general, the addition of a

Fig. 5. Relation between internal tensile stress in 20 lm thick nickel

®lms and halide concentration for di�erent halides. Error bars indicate

maximum and minimum measured values.
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brightener tends to increase the cathodic overpotential
for the electrodeposition process, and, consequently, to
decrease the current e�ciency. The e�ects of the various
halides on the current e�ciency are shown in Figure 8.
With the addition of halide ions, the current e�ciency
slightly decreased from 100%, passing through a min-
imum value of 96% at 0.05 M NiCl2 and of 95% at
0.02 M NiI2. No minimum was observed for the
addition of NiBr2. The concentrations of NiCl2 and
NiI2 at which the minimum current ef®ciencies were
observed correlate exactly with the maximum values of
the internal stresses in the ®lms (see Figure 5). There-
fore, hydrogen evolution would seem to enhance the
development of tensile stresses in the deposited ®lms
when NiCl2 and NiI2 are added at concentrations of less
than about 0.05 M [26]. However, this increase in tensile
stress is not observed for similar concentrations of
NiBr2. As indicated in Figure 5, in the concentration
range from 0.05 to 0.5 M, for NiBr2 the internal stress
decreased to a minimum of 137 MPa, while for NiI2 it
signi®cantly rose from 177 to 284 MPa, despite the fact
that the current ef®ciencies were constant at about 96%
for both halides. These results indicate that the observed
stresses in the deposited nickel ®lms cannot be explained
solely on the basis of hydrogen evolution; other factors
also must be at work. For example, it is possible that the

Fig. 6. Surface morphology of nickel ®lms obtained from sulfamate baths containing various halide ions. (a) 0.5 M NiCl2, (b) 0.5 M NiBr2,

(c) 0.01 M NiI2, (d) 0.02 M NiI2 and (e) 0.5 M NiI2.

Fig. 7. X-ray di�raction patterns of nickel ®lms obtained from

sulfamate baths containing various halide ions. (a) 0.5 M NiCl2,

(b) 0.5 M NiBr2, (c) 0.02 M NiI2, (d) 0.05 M NiI2 and (e) 0.5 M NiI2.
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increase in solution pH close to the electrode as a
consequence of hydrogen evolution may promote the
codeposition of OHÿ and/or O as hydrated basic Ni
salts, Ni(OH)2 or NiO inclusions in the deposits [3];
furthermore, these intermediate species might adsorb
halide ions.

3.4. Conductivity of the bath and resistance of electrode
®lm

When the ratio of the concentration of halide ions in
solution to that of OHÿ ions in solution exceeds a
certain critical value (the exact value depends on the
speci®c conditions), halide ions are able to displace
hydroxyl ions from the passive ®lm on the nickel
surface, leading to a breakdown of the protective ®lm
[27]. Under the steady state plating conditions of the
present study, the cathode potentials were ÿ0.955,
ÿ0.960 and ÿ1.13 V for plating baths containing
0.02 M NiCl2, 0.02 M NiBr2 and 0.02 M NiI2, respec-
tively. Since the potential of zero charge for nickel is in
the order of ÿ0.5 to ÿ0.6 V [28], it would seem that the
electrode potentials were too negative for halide ions to
readily adsorb onto the electrode surface during the
plating process.
Figure 9 shows the e�ect of the halide ion concentra-

tion on the electrical resistance, R, obtained from
IR-drop data measured using the electronic current
interrupter procedure described earlier. This electrical
resistance consists of the sum of the solution resistance
between the tip of the Luggin capillary and the cathode
surface plus the resistance of the nickel ®lm on the
surface of the cathode. For each type of halide ion, the
resistance initially increased to a maximum value at a
halide concentration of about 0.02 M, followed by a
sudden decrease. For plating baths containing 0.2 M

NiX2, the resistance varied in the order R�Iÿ� >

R�Clÿ� > R�Brÿ�. Over the NiX2 concentration range
0.1±0.5 M the resistance was almost constant for
NiCl2 and NiBr2, whereas for NiI2 it was almost
constant in the range 0.1±0.4 M and decreased to a
lower value in 0.5 M NiI2. Since iodide ions are more
easily oxidized than chloride or bromide ions, this
decrease in R at the relatively high concentration 0.5 M

NiI2 might indicate a decrease in the ®lm resistance as a
result of adsorption on the cathode of I2 (or Iÿ3 )
produced by the oxidation at the anode of iodide ion
to iodine.
From Figure 10, which shows the e�ect of halide ion

concentration on the speci®c conductivities of the
sulfamate plating baths at 50 �C, it is clear that for

Fig. 8. E�ect of halide additions on current e�ciency of sulfamate

baths at 50 �C.

Fig. 9. E�ect of halide ion concentration on electrical resistance in

vicinity of cathode. Key: (s) NiCl2, (n) NiBr2 and (h) NiI2.

Fig. 10. E�ect of halide ion concentration on conductivity of sulfa-

mate plating bath at 50 �C. Key: (s) NiCl2, (n) NiBr2 and (h) NiI2.
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each type of halide the bath conductivity increases
linearly with increasing halide concentration, and that
the order of increasing halide conductivity is NiI2 >
NiBr2 >NiCl2. The regularity of these conductivity data
suggests that the unusual variations observed in the
resistance data shown in Figure 9 can be attributed to
variations in the resistance of the nickel ®lm, rather than
to variations in the solution resistance. Furthermore, the
striking similarity between the shapes of the stress curves
in Figure 5 and the resistance curves in Figure 9
indicates that the stress which develops in a nickel ®lm
during the plating process is related to some kind of
resistive ®lm which forms on the metal surface [29]. This
is further evidence that halide ions almost certainly
adsorb on the electrode during electroplating.
Using a chemical impedance procedure, Epelboin and

Wiart [30] showed that for Watts baths the following
reaction mechanism involving an intermediate species
(NiOH)ads plays an important role in the rate-determin-
ing step:

Ni2� �H2O� NiOH� �H� �1�

NiOH� � eÿ ������!RDS
(NiOH)ads �2�

(NiOH)ads �H� � Ni�H2O �3�

The observations that for both Watts-type baths and
sulfamate baths the same tafel slope of ÿ0.12 V (de-
cade)ÿ1 is obtained, and that the IR-free potential±
current density curves for nickel deposition are very
similar in each type of bath [31], indicate that an
adsorbed nickel hydroxide species such as (NiOH)ads
might be formed as a surface intermediate during
electroplating from nickel sulfamate baths.
The above reaction mechanism suggests an explana-

tion for the behaviour observed in Figure 9 in the NiX2

concentration region below 0.05 M: In this concentra-
tion domain there may be an electrostatic interaction
involving the formation of an ion pair in solution:

NiOH� �Xÿ � NiOH�Xÿ �4�

Because this ion pair is electrically neutral, it could
readily adsorb on the negatively-charged electrode
surface, thereby incorporating into the nickel ®lm a
hydroxide species which, because of its halide content,
would be expected to have a higher electrical resistance
than the species (NiOH)ads, which is formed in the
absence of halides. The greater the halide ion concen-
tration in the bath, the greater will be the concentration
of the neutral complex formed, and therefore the greater
will be the amount of this complex that will be
incorporated into the nickel ®lm. Thus, as shown in
Figures 5 and 9, both the internal tensile stress and the
®lm resistance increased with halide concentration, the
order being Iÿ > Clÿ > Brÿ.
On the other hand, Figure 9 shows that in the NiX2

concentration region greater than 0.1 M a different type

of behaviour takes place. At NiX2 concentrations
greater than 0.1 M, Philip et al. [32] have reported that
the following reaction mechanism takes place simulta-
neously with Epelboin's mechanism:

Ni2� � Clÿ � NiCl� �5�

NiCl� � eÿ ��������������!RDS at low g
(NiCl)ads �6�

(NiCl)ads � eÿ ��������������!RDS at high g
Ni� Clÿ �7�

Thus, we can speculate that in the halide concentration
region greater than 0.1 M, instead of the formation of
(NiOH)ads or (NiOHX)ads, some other intermediate
species such as (NiX)ads forms on the electrode surface
[33]. In the case of NiCl2 and NiBr2 additions, the
respective species (NiCl)ads and (NiBr)ads lower both the
resistance and the internal tensile stress in the ®lm.
Conversely, in the case of NiI2 additions, as the NiI2
concentration increases beyond 0.1 M, the adsorption
onto the electrode of Iÿ3 and/or I2 raises the internal
stress in the ®lm and changes the surface morphology
from a block- and pyramid-like deposit to a granular
deposit.

4. Summary

During the high speed electrodeposition of nickel from
nickel sulfamate baths at a current density of
18.0 A dmÿ2, the e�ects of chloride, bromide, and
iodide additions on the internal stresses in the plated
nickel ®lms can be classi®ed into two groups, the ®rst
consisting of chloride and bromide ions, and the
second consisting of iodide ions. With increasing
halide ion concentration, for all three halides the
internal tensile stress in 20 lm thick deposited nickel
®lms ®rst rose to a maximum value, then decreased to
a minimum value, and then started to increase again.
In the case of chloride and bromide additions over the
concentration range 0.1±0.5 M, the deposited nickel
had a silver±white appearance and a block- and
pyramid-like texture with a (2 0 0) crystal orientation.
The internal tensile stresses developed in 20 lm thick
nickel ®lms deposited in the presence of these two
halides were as low as 140±170 MPa. Conversely, for
additions of iodide, at concentrations greater than
0.1 M, the deposited nickel exhibited a ®ne granular
texture of disordered crystal orientation, and the
deposit appearance changed from silver±white to dark
gray at iodide concentrations greater than 0.02 M. The
internal tensile stresses developed in 20 lm thick ®lms
deposited from these latter baths at iodide concentra-
tions greater than 0.1 M tended to rise with increasing
iodide concentration to values considerably higher
than those observed at similar concentrations of NiCl2
or NiBr2.
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