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Abstract

Copper nucleation and growth on titanium substrates from concentrated acidic copper sulfate solutions was studied
at 45 and 65 �C and high cathodic potentials. Electrochemical experiments allied to SEM examination were
performed to characterize the mechanism of nucleation and its evolution with time. Particular emphasis was given
to the in¯uence of potential and agitation on the initial stages of nucleation and growth. Results indicated that most
of copper nucleation on titanium from a 83 g dmÿ3 Cu2� solution, at 65 �C, is achieved in a matter of milliseconds.
As expected, the initial stages of the copper nucleation and growth is strongly dependent of potential and
temperature, and the in¯uence of agitation is only evident at very high potentials. The calculated di�usion
coe�cients for Cu2� at 45 and 65 �C, under the experimental conditions, were found to be 9.16� 10ÿ6 and
1.62� 10ÿ5 cm2 sÿ1, respectively.

1. Introduction

The electrochemistry and crystal growth of copper in
acidic sulfate solutions has been extensively studied
under conditions related to electrowinning and electro-
re®ning [1±7]. However, for the electrolytic production
of copper thin ®lms and foil there is considerably less
information in the literature.
Although the electrochemical process for foil is

basically the same as that for bulk copper production,
the conditions and operating parameters are consider-
ably di�erent. In the continuous drum deposition
process, the current density, copper concentration and
agitation are much higher, while, the sulfuric acid
concentration is lower [8±10]. Furthermore, the quality
requirements of the product, such as integrity,
smoothness as well as mechanical and electrical
properties, become much more demanding. As a
consequence, initial nucleation and growth of the
copper may play a particularly important role in ®nal
product quality.
Although copper nucleation on inert substrates has

been studied [7, 11±17], the experimental conditions
were usually di�erent than those used in the copper foil
process. Also, there has been limited attention to the
initial stages of the nucleation process, which is funda-
mental for the production of thin copper foil.
In this study dynamic electrochemical techniques were

used to characterize the deposition process at relatively
high overpotentials and copper concentrations on a
titanium substrate. Finally, the resultant deposits were
examined using SEM techniques.

2. Experimental details

2.1. Deposition system

The electrochemical cell was a 250 cm3 jacketed glass
beaker with an acrylic cover, which allowed the
temperature to remain constant (�0.5 �C) throughout
the test. The working electrode was a titanium plate,
polished with 600 grit emery paper or a copper foil
polished with 0.3 lm alumina, both with an exposed
area of 1 cm2. The counter electrode was an electro-
lytic copper plate and the reference a Hg/Hg2SO4

electrode (+656 mV vs SHE). The electrolyte was
prepared from analytical grade cupric sulfate pentahy-
drate and sulfuric acid to give a stock solution
concentration of 83 g dmÿ3 copper and 140 g dmÿ3

sulfuric acid. The electrolyte was not stirred, unless
otherwise mentioned, and the temperature was main-
tained at 45 or 65 �C.

2.2. Electrochemical tests

An EG&G PAR model 273A potentiostat/galvanostat
connected to a microcomputer with the M270 software
was used for the electrochemical tests. All the measure-
ments, unless otherwise mentioned, are referred to the
mercury/mercurous sulfate reference electrode. Due to
the high ionic strength and temperature of the electro-
lyte, the solution conductivity was excellent. For this
reason there was no IR correction made on the
polarization curves. Although the curve shapes do not
indicate a problem, the variations could become signi-
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®cant in the very high current density range and will be
further evaluated in the future.
The linear sweep voltammograms on titanium elec-

trodes, at 45 and 65 �C, were started at the open circuit
potential (around ÿ260 mV vs Hg/Hg2SO4) and driven
in the cathodic direction to ±1400 mV, all at a scan rate
of 1 mV sÿ1. A similar procedure was carried out with
pure copper foil working electrodes, but in this case the
equilibrium potential was ÿ350 mV at 45 �C and
ÿ335 mV at 65 �C.
The chronopotentiograms were started at the open

circuit potential and then stepped to the desired current
density, ranging from 350 to 600 mA cmÿ2, for 45 and
65 �C, in order to estimate the di�usion coe�cient of
Cu2� under the experimental conditions used in this
work. The transition times were measured with the aid
of the M270 software, for electrochemical analysis,
according to the Kuwana's method, described by Adams
[18].
Potentiostatic pulses at di�erent potentials for times

of 1 ms to 100 s allied to SEM examination of the copper
deposited on the titanium electrodes were the basis of
this study. The pulses were provided by the EG&G
model 273A potentiostat/galvanostat, which takes
about 3 ls to achieve the desired potential. The values
of current densities as a function of time, for very short
pulses (1 ms) were used to attempt to model the
mechanism during the initial stages of nucleation.

3. Results and discussion

3.1. Electrochemical tests

Figure 1 shows typical linear sweep voltammograms for
copper deposition on titanium electrodes at 45 and
65 �C. A limiting current density region can be observed
for potentials more cathodic than about ÿ800 mV up to
ÿ1100 mV followed by an increase in the current
density at higher potentials. At potentials more cathodic

than about ±1100 mV a current increase due to hydro-
gen evolution and rougher surface was observed.
The cathodic branch of Tafel plots for copper

deposition on a polished copper foil at 45 and 65 �C is
shown in Figure 2. Assuming that the slow step for
copper reduction is the discharge of Cu2� to Cu� ions,
the transfer coe�cient calculated from the Tafel slope
for overpotentials between ÿ100 and ÿ200 mV was 0.23
at 45 �C and 0.21 at 65 �C. These values are much lower
than those reported by Bockris and Enyo [4], but the
Cu2� ion concentration used in this study was at least
three times higher than their values. Furthermore, the
temperature used in this work was also much higher.
The exchange current densities measured from the Tafel
plots were found to be 15.7 and 35.7 mA cmÿ2, at 45
and 65 �C, respectively. Although these numbers are
high, they seem to be consistent with an extrapolation of
the plot log io against log C2�

Cu, reported by Slaiman and
Lorenz [19].
In Figure 3 typical chronopotentiograms, for copper

deposition on titanium, are presented. An initial peak
related to copper nucleation followed by a plateau
occurred during the ®rst few seconds. This was
followed by an increase in cathodic potential, probably
due to a mass transport polarization followed by the
beginning of hydrogen evolution. A set of chronopotentio-
grams for di�erent current densities allows the estima-
tion of the Cu2� di�usion coe�cient from measured
transition times. If Sand's law for a di�usion controlled
process is obeyed then the product is1=2 is independent
of current density and the following relationship is
valid:

is1=2 � zF p1=2CbD1=2

2
: �1�

Figure 4 shows that Sand's law is satis®ed for both
temperatures, 45 �C and 65 �C, under these conditions.
The calculated di�usion coe�cient for Cu2� was
9.16� 10ÿ6 cm2 sÿ1 at 45 �C and 1.62� 10ÿ5 cm2 sÿ1

at 65 �C. These values are consistent with others

Fig. 1. Cathodic polarization curves for copper deposition on titani-

um. Temperature: (a) 45 �C and (b) 65 �C. Scan rate 1 mV sÿ1.

Fig. 2. Tafel plots for copper deposition on copper foil. Temperature:

(a) 45 �C and (b) 65 �C. Scan rate 1 mV sÿ1. Working electrode:

polished copper foil.
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previously reported for di�erent conditions, such as
0.95� 10ÿ5 cm2 sÿ1, at 50 �C, for a 50 g dmÿ3 Cu2� and
100 g dmÿ3 sulfuric acid solution [20], 4.88�
10ÿ6 cm2 sÿ1, at 18 �C, for a 25 g dmÿ3 Cu2� and 100 g
dmÿ3 H2SO4 solution [21], 1.0� 10ÿ5 cm2 sÿ1, at 55 �C,
for a 60 g dmÿ3 Cu2�, 140 g dmÿ3 H2SO4 and 5 g dmÿ3

Fe solution [22], and 3.82� 10ÿ6 cm2 sÿ1, at 21 �C, for a
0.1M CuSO4, 2 M H2SO4 solution [23].
The in¯uence of agitation using a magnetic stirring

bar on the potentiostatic pulses at di�erent potentials,
for solutions at 65 �C, is shown by the curves in
Figure 5. After a sharp rise during the ®rst millisecond,
the current remains nearly constant after about 5±10 s
of electrolysis, indicating that most of the nucleation
occurs in the very beginning of the pulse. At ÿ600 mV,
the curves with and without stirring are coincident for
100 s. This is expected because at this potential the
current density is under kinetic control as indicated in
Figure 1. For more cathodic potentials the e�ect of
stirring becomes clearer as the overpotential is increased
beyond ±800 mV at 65 �C. At ±1100 mV the curve
without stirring has a peak at about 1 s, which is
probably indicative of di�usion control as it disappears

with a moderate magnetic stirring. The current density
at this point is in the range normally used in electrolytic
copper foil production. The current density is increased
nearly 50% with agitation.
The in¯uence of the potential at 65 �C on the current

transients during the ®rst millisecond, when most of the
nucleation probably occurs, is illustrated in Figure 6. At
potentials more cathodic than ±900 mV mass transfer
limitations began to occur, as indicated by the overlap
of the transients for ±1100 mV and ±900 mV. The e�ect
of magnetic stirring on the beginning of the current
transient can be observed in Figure 7. At ±600 mV, the
curves with and without stirring are coincident, similar
to the data presented in Figure 5. At ±800 mV, the
curves diverged only slightly after about 0.6 ms. Finally,
the transients at ±1100 mV with and without stirring are
very distinct and are completely separated almost
immediately showing that growth has a substantial
mass transport component.
Thirsk and Harrison [24] have described a straight-

forward procedure to describe the current density-time
relationships for the nucleation and growth of an
electrodeposited phase. The derived expressions, shown
in Table 1, permit the identi®cation of the nucleation
type, growth type and reaction control regime.

Fig. 3. Typical chronopotentiograms for copper deposition at di�er-

ent temperatures. Temperature: (a) 45 �C and (b) 65 �C. Current

density 475 mA cmÿ2.

Fig. 4. Validity of Sand's equation for copper reduction at (a) 45 �C
and (b) 65 �C.

Fig. 5. E�ect of magnetic stirring on the current density±time

relationship for di�erent potentials at 65 �C. Key: (a) with stirring;

(b) no stirring.

Fig. 6. In¯uence of the applied potential on current transients for the

nucleation of copper on titanium, up to 1 ms, at 65 �C. No stirring.
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For Equations 2±9 (Table 1), M is the molecular
weight of copper (63.54 g molÿ1), q is the copper density
(8.96 g cmÿ3), D is the di�usion coe�cient (cm2 sÿ1), C
is the concentration of the copper ions (mol cmÿ3), t is
time (s), i is the current density (A cmÿ2), h the nuclei
height, k the reaction rate, L2 the cross section and h the
coverage. A is de®ned as A0N0 which is the adjusted
nucleation rate constant, A0 is the nucleation rate
constant and N0, the total number of sites available
for nucleation, which is related with the number of
nuclei formed (N ) by:

N � N0�1ÿ exp�ÿA0t�� �10�

The adjusted nucleation rate constant is potentially
dependent and can be expressed by

A � K exp�ÿkd3=g2� �11�

where K and k are constants, d is the surface energy and
g the overpotential in mV.
All the expressions presented in Table 1, can be

rewritten in a logarithmic form to give

log i � n log t � log a �12�

where i is the current density in A cmÿ2, n the power of
time and a is a constant that involves the nucleation rate
among others factors. If the log iÿ log t plot gives a
straight line, the slope is n, which indicates the mech-

anism of nucleation and a can give an idea of the
nucleation rate, assuming that parameters such as the
di�usion coe�cient, concentration, density and molec-
ular weight are known.
In Figure 8 the log iÿ log t relationship for three

di�erent potentials is given, with the vertical error bars
indicating an approximate deviation of 2.5% from the
straight line model. In the initial time range, the change
of the slopes indicates a modi®cation of the nucleation
mechanism, from progressive nucleation under kinetic
control, at low potential to progressive nucleation under
di�usion control, as the cathodic potential is increased.
As the time approached 0.5 ms, a slope change was
observed, indicating that independently of the potential,
the nucleation mechanism can change as the electrode-
position proceeds, even for a very short time. In the
second time range the slope values between 0.43 and
0.66, for the di�erent potentials, indicate a di�usion
controlled and instantaneous nucleation followed by 3D
growth mechanism. However this mechanism in the
second time range is hard to be proved by SEM
observations, since a progressive nucleation was detect-
ed previously.
A summary of the plots shown in Figures 6 and 7 is

presented in Table 2. The points before 0.10 ms were
not considered in order to avoid interference from
double layer charging and possible equipment response
delays.
For low cathodic potentials (up to ±600 mV) copper

nucleation on titanium seems to obey a power depen-

Fig. 7. In¯uence of magnetic stirring on the potentiostatic current

transients for the nucleation of copper on titanium, up to 1 ms, at

65 �C. Key: (r) with stirring; (j) no stirring.

Table 1. Current density±time relationships for potentiostatic nucleation and growth [14, 24]

Expression Nucleation type Growth type Reaction control regime Equation

i � 2zFAL2kt progressive 1D needle kinetic 2

i � zFhqph2DAt=M progressive 2D diffusion 3

i � 2zF pMhN0k2t=q instantaneous 2D kinetic 4

i � zF pMhAk2t2=q progressive 2D kinetic 5

i � 2zF pM2N0k3t2q2 instantaneous 3D kinetic 6

i � 2zF pM2hAk3t3=3q2 progressive 3D kinetic 7

i � 8zF pN0M2C3D3=2t1=2=q2 instantaneous 3D diffusion 8

i � 16zF pAM2C3D3=2t3=2=3q2 progressive 3D diffusion 9

Fig. 8. Logarithmic relationship between current density and time for

di�erent potentials at 65 �C, without stirring. Key: (m) ÿ600 mV; (j)

ÿ800 mV; (r) ÿ1100 mV.
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dence of time of unity in the range up to 0.45 ms. In this
case, it is probably due to a kinetically controlled
progressive followed by a needle growth, in accordance
with Equation 2. For higher cathodic potentials in this
time interval, the mechanism changes gradually to
di�usion controlled progressive nucleation followed by
3D growth. At intermediate potentials, between ÿ700
and ÿ800 mV, the nucleation mechanism seems to be a
mixture of the mechanisms previously mentioned, since
both needle and grainy structures were present, as
shown in Figure 9(d). As observed previously [17] for
copper nucleation on stainless steel, there appeared to be
preferential deposition along the polishing scratches.

3.2. SEM analysis

An SEM characterization of various short time deposits
of copper on titanium at 65 �C was made and the results
are illustrated in Figures 9±13. The in¯uence of poten-
tial on copper nucleation morphology after 1 ms,
without stirring, is shown in Figure 9. It can be observed
that the number of nuclei increases with the increase of
cathodic potential, reaching a maximum around
±900 mV, when mass transport limitations become
evident. At cathodic potentials higher than ±900 mV,
the number of nuclei remains basically the same,
corroborating the potentiostatic transients shown in
Figure 6. The di�erent nuclei size characterizes a pro-
gressive nucleation mechanism, identi®ed also in the
initial time range of the potentiostatic current transients
summarized in Table 2. Although di�erent sized nuclei
are formed, the distribution range is not wide, which
seems to match with a nucleation mechanism change
with time from progressive to instantaneous, as indicat-
ed in Figure 8. At a higher magni®cation (3000�), a
predominance of a needle-like structure can be observed
at lower potentials. This corresponds with the nucle-
ation mechanism proposed in Table 2 for potentials
equal or lower than ±600 mV. For higher potentials, a
morphology of irregularly shaped grains can be ob-
served. These di�erent structures imply a gradual
change of the nucleation mechanism as the cathodic
potential is increased. Both the needle and grainy
structures can be observed on the SEM micrographs

but for cathodic potentials higher than ±900 mV, very
few needles were found. This is consistent with the
results for higher potentials presented in Table 2, which
indicates a 3D growth, progressive nucleation and
di�usion controlled.
The presence of needle type growth is often found at

low levels of chloride ion, even in the range of 1 to
5 ppm. Only distilled and deionized water was used in
making the solutions because the sensitivity to chloride
was recognized. However, there may have been other,
inadvertent of chloride ion that could have caused the
needle-type nucleation. This issue will be addressed in
further studies where the e�ect of chloride ion concen-
tration is evaluated.
The evolution of the copper nuclei with time at
ÿ600 mV, 65 �C, without stirring is presented in
Figure 10. It can be observed that the number of nuclei
does not change appreciably after 1 ms, indicating that
most of the nucleation occurs during this period of time.
After that, the growth of the copper dominates and the
needle shape observed initially tends to disappear. The
copper crystals then form multifaceted 3D agglomerates
which continue to merge with neighbours until near
complete electrode surface coverage. This process indi-
cates the presence of zones of excluded nucleation,
described by Markov [25] and Kovarskii and Arzhanova
[26], which preclude the formation of new nuclei in the
zone of in¯uence of previously formed nuclei. Then, after
the formation of a determinate number of nuclei, growth
should be the predominant process. Similar behavior is
shown in Figure 11, for the copper nucleation and
growth at ±800 mV, without stirring. The main di�er-
ence is that the number of nuclei after 1ms is much
greater for ±800 mV and after 100 s, when the electrode
surface is almost completely covered, the copper deposit
has a ®ner structure. Additionally, the needle shaped
appearance tends to disappear faster at ±800 mV.
The e�ect of agitation using a magnetic stirring bar

on copper nucleation and growth at ±800 mV and
65 �C is shown in Figure 12. After 1 ms, no signi®cant
di�erence was observed for the copper nucleation with
and without stirring, as should be expected, since there
is little e�ect of stirring on the current transients at
±800 mV, shown in Figure 7. Nevertheless, it could be

Table 2. Current±time relationship for the nucleation of copper on titanium at 65 �C

Potential vs. Hg/Hg2SO4/ mV Stirring Equation and variance for time

range 1� (0.10±0.45 ms)

Nucleation mechanism  for range 1

)600 no y � 1:01x� 1:94 R2 = 0.99 1D needle, progressive, kinetic

)700 no y � 1:25x� 2:99 R2 = 1.00 3D, progressive, diffusionz

)800 no y � 1:34x� 3:45 R2 = 1.00 3D, progressive, diffusionz

)900 no y � 1:43x� 3:93 R2 = 1.00 3D, progressive, diffusion

)1000 no y � 1:47x� 4:01 R2 = 1.00 3D, progressive, diffusion

)1100 no y � 1:48x� 4:06 R2 = 0.99 3D, progressive, diffusion

)600 yes y � 0:91x� 1:60 R2 = 0.99 2D, instantaneous, kinetic

)800 yes y � 1:37x� 3:55 R2 = 0.99 3D, progressive, diffusionz

)1100 yes y � 1:50x� 4:25 R2 = 1.00 3D, progressive, diffusion

* y = log i; x = log t
 Refers to growth type, nucleation type and reaction control mechanism
zMixed with 1D needle, progressive and kinetically controlled
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observed that stirring does a�ect copper growth, and
the copper grains obtained after 100 ms with stirring
are much more uniform and do not present needle-like
crystals. After 20 s, the copper grains in the stirred
electrolyte are larger and more homogeneous than
without stirring. Finally, after 100 s, the copper struc-
ture seemed to be smoother than that obtained without
stirring. These observations are in agreement with the
potentiostatic current transients at ±800 mV, given in

Figures 5 and 7. Agitation had no e�ect on the
apparent current density during the initial nucleation
stage, but with times in the range of 10 to 100 s there
was about a 50% increase in current density with
stirring.
The e�ect of stirring on copper nucleation and growth

at ±1100 mV and 65 �C is shown in Figure 13. A clear
modi®cation on the nuclei shape can be observed for
Figure 13(a) and (b), after 1 ms, since with stirring the

(a) E: -600mV; magnification: 480X.

(c) E: -800mV; magnification: 480X.

(e) E: -900mV; magnification: 480X.

(g) E: -1000mV; magnification: 480X.

(b) E: -600mV; magnification:3000X.

(d) E: -800mV; magnification: 3000X.

(f) E: -900mV; magnification: 3000X.

(h) E: -1000mV; magnification: 3000X.

Fig. 9. SEM micrographs of copper nuclei obtained at di�erent potentials, without stirring, after 1 ms.
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nuclei shape and size were more uniform and no needles
were observed anymore. Furthermore, at 480 � magni-
®cation, it can be observed that without stirring the
number of nuclei after 1 ms is greater and their size
slightly smaller than with stirring. This behaviour
should be expected since for progressive nucleation
under di�usion control the current is concentrated in the
initially formed nuclei. Consequently the higher current
levels attained due to stirring, the zones of excluded

nucleation may become larger, leading to a smaller
number of nuclei but with increased size. After 100 s the
electrode surface was completely covered in both cases,
but the copper structure obtained without stirring was
rougher and already presented some indication of
preferential growth that could lead to dendrite forma-
tion. The use of a moderate magnetic agitation was not
su�cient to change the proposed mechanism of nucle-
ation, exhibited in Table 2, but obviously strongly

(a) t: 1ms; magnification: 480X.

(c) t: 100ms; magnification: 480X.

(e) t: 20s; magnification: 480X.

(g) t: 100s; magnification: 480X.

(b) t: 1ms; magnification: 3000X.

(d) t: 100ms; magnification: 3000X.

(f) t: 20s; magnification: 3000X.

(h) t: 100s; magnification: 3000X.

Fig. 10. SEM micrographs of copper crystals obtained at ÿ600 mV vs Hg/Hg2SO4, without stirring, after di�erent times.
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a�ects the copper nuclei morphology and growth rate,
as the current density is increased with stirring.
The SEM micrographs have shown that the satura-

tion nucleus density is strongly potential dependent and,
at least for high temperatures and copper concentration,
the saturation is reached after a few milliseconds of
electrolysis. The higher the cathodic potential the higher
is the saturation nucleus density because the number of
active sites taking part in the nucleation process will be

greater. These features are in accordance with the
theory of saturation nucleus density described by
Markov [25].
It is recognized that the initial surface condition of the

titanium cathode can also have a major, often domi-
nating, e�ect on the copper nucleation and growth. The
surface treatment was constant during this study but
additional tests are planned to identify the in¯uence of
surface on nucleation.

(a) t: 1ms; magnification: 480X.

(c) t: 100ms; magnification: 480X.

(e) t: 20s; magnification: 480X.

(g) t: 100s; magnification: 480X.

(b) t: 1ms; magnification: 3000X.

(d) t: 100ms; magnification: 3000X.

(f) t: 20s; magnification: 3000X.

(h) t: 100s; magnification: 3000X.

Fig. 11. SEM micrographs of copper crystals obtained at ÿ800 mV vs Hg/Hg2SO4, without stirring, after di�erent times.
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4. Conclusions

The following conclusions can be drawn from the above
investigation:
(i) The agreement between theory, electrochemical

tests and SEM observations is quite good and al-
lowed an indication of the mechanism of copper
nucleation on titanium using relatively concentrat-
ed solutions at elevated temperatures.

(ii) The saturation nucleus density is strongly potential
dependent, increasing with increasing cathodic po-
tentials up to about ±900 mV, when mass transport
limitations begin to a�ect the initial stage of nu-
cleation.

(iii) In the lower potential range the initial mechanism
of copper nucleation seems to be progressive nu-
cleation, 1D needle growth and di�usion con-
trolled. In the higher potential range (below

(a) t: 1ms; magnification: 480X.

(c) t: 100ms; magnification: 480X.

(e) t: 20s; magnification: 480X.

(g) t: 100s; magnification: 480X.

(b) t: 1ms; magnification: 3000X.

(d) t: 100ms; magnification: 3000X.

(f) t: 20s; magnification: 3000X.

(h) t: 100s; magnification: 3000X.

Fig. 12. SEM micrographs of copper crystals obtained at ÿ800 mV vs Hg/Hg2SO4, with stirring, after di�erent times.
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)700 mV) it seems to be progressive nucleation, 3D
growth and di�usion controlled, although there is
not a clear potential value for this change.

(iv) The mechanism of nucleation seems to change after
a short time period to instantaneous, di�usion
controlled and followed by 3D growth.

(v) The saturation nucleus density is achieved in a very
short period of time, often in a matter of millisec-
onds, in the potential range tested. No continued
signi®cant nucleation was observed after a few
milliseconds and the morphology study showed a
clear lateral growth of the nuclei initially formed
with time.

(vi) Agitation a�ects the initial nucleation only at very
high cathodic potentials, leading to a slightly larger
and more homogeneous nuclei size and ®nally to a
smoother copper deposit.

(vii) The calculated di�usion coe�cients for Cu2� at 45
and 65 �C, under the experimental conditions, were

found to be 9:16 � 10ÿ6 and 1:62 � 10ÿ5 cm2 sÿ1,
respectively.
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