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Abstract

DC and pulse plating of copper in acidic sulphate solutions containing benzotriazole (BTA) has been studied. When
BTA is the only additive present, it generally has a stronger effect than the plating mode and significantly enhances
deposit morphology and surface brightness over that produced in additive-free solutions. XPS and voltammetry
analyses indicate that BTA is present at the surface of the deposit, but not through the entire coating, and does not
become depleted within the solution over the course of plating. This may help explain why the initial surface
smoothness and brightness is maintained as the coating grows beyond 5 lm thick. Plating mode does have a strong
effect on deposit morphology under specific conditions. Pulse current plating at low frequency (50 Hz) and low duty
cycle (20%) produces deposits with poorer quality than that obtained by DC plating. Pulse reverse plating yields
very coarse and dull coatings when the frequency is low enough for metal dissolution to occur during the reverse
time. Regardless of the plating mode, the addition of Cl) eliminates most of the beneficial effects of BTA and leads
to very rough and dull deposits. The observed effects are discussed in light of previous research on the electrode-
position and corrosion of the Cu–BTA and Cu–BTA–Cl systems.

1. Introduction

Since dull and microscopically rough copper electrode-
posits are normally produced by DC plating in additive-
free plating baths, pulse plating [1–5] and various
additives [6–12] have been used to improve their
properties. Among the common additives used for
copper electrodeposition in sulphate plating baths is
benzotriazole (BTA) [8, 11–24], which is also an effective
corrosion inhibitor for copper and its alloys by forming
a protective chemisorbed film [25–34].
Copper deposition with BTA yields brighter and

smoother coatings compared to those produced in
additive-free solutions. AFM images presented by Gew-
irth and co-workers [8, 11] showed that the structure
obtained in the presence of BTA consists of many small
copper islands over the deposit surface, while that
obtained in additive-free solutions contains larger islands
growing preferentially at surface defects. In the absence
of BTA, the adatoms are fairly mobile and can be
incorporated into existing copper islands. Mechanisms
for the interaction between Cu2+, BTA and the electrode
surface during metal electrodeposition have been pro-
posed [8, 11, 19]. BTA appears to form a surface
compound Cu(I)BTA with the Cu(I) intermediate

produced in the first step of Cu2+ reduction via the
nitrogen atom in its triazole ring [11, 35]. The formation
of the Cu(I)BTA complexes decreases the amount of free
adatoms on the surface and the ease with which they can
diffuse to existing copper islands. This leads to a finer-
grained deposit. The adsorption of BTA on the surface
also tends to passivate the existing copper islands,
thereby promoting a smoother and finer-grained deposit.
Previous studies have focused on either the influence

of BTA on deposit properties during copper electrode-
position [8, 11–19, 21–24] or the adsorption of BTA on
copper during Cu2+ reduction [20, 21, 32, 36]. However,
none of these studies considered the influence of BTA
during pulse plating. Consequently, an important focus
of the current study is to investigate the effect of BTA on
the pulse plating of copper in sulphate solutions and to
compare deposit morphology with that observed during
DC plating.
The presence of chloride has been shown to have a

significant effect on the electrode response and deposit
morphology when added either alone or in combination
with other additives. Although the influence of Cl) and
BTA together on DC copper plating has been studied
[20, 22, 24, 36, 37], no investigations of their effects
during pulse plating have been reported to the best of
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our knowledge. Consequently, we are also concerned
with a comparison of deposit morphology obtained by
pulse and DC plating in the presence of the two
additives.
Another objective is to characterize the effect of BTA

on the evolution of copper coating morphology over the
course of electrodeposition. Deposits formed on an
initially flat and smooth substrate often become pro-
gressively rougher due to the development of an
unstable interface front. However, another potentially
important factor affecting the evolution of coating
morphology is the depletion of BTA in solution due to
incorporation in the deposit over the duration of
plating, a question that has been addressed in a few
studies [11–13, 36]. Recently, Leung et al. [11] and
Biggin and Gewirth [36] investigated this aspect, but
restricted their attention to the initial stages of deposi-
tion and coating thicknesses less than 1 lm. In this
study, we will consider the evolution of deposit mor-
phology over a much wider range of coating thicknesses
from 1 to 25 lm.

2. Experimental

Electroplating experiments were conducted using a
rotating disc assembly (Pine Instruments) electrode in
a standard three-electrode cell containing 50 cm3 plating
solution. The working electrode was a 0.635-cm diam-
eter (0.317 cm2 area) copper disc polished with SiC-type
abrasive paper (600 grade) and Al2O3 powder (0.3 and
0.05 lm) to a mirror finish. A copper disc was used as
the counter electrode, while a mercury/mercurous sul-
fate (MSE, Radiometer Analytical) electrode was used
as the reference electrode. The electrode potentials
reported herein correspond to the SHE scale. DC
plating and potential sweep analysis were carried out
using an Autolab PGSTAT 10 Potentiostat (Eco Che-
mie). Pulse plating was carried out using a PARAM4
pulse plating rectifier (LWD Scientific), with the elec-
trode potential during electrolysis being monitored on a
digital oscilloscope (Agilent 54624A) using a standard
3-electrode system.
A plating solution consisting of 0.1 M CuSO4 and 1 M

H2SO4 was used for all experiments and prepared from
doubly-distilled water. To study the effects of additives,
various amounts of BTA (Aldrich Chemical) or hydro-
chloric acid (Aldrich Chemical) were added to the
plating bath. A stock BTA solution containing 0.1 M

CuSO4 and 1 M H2SO4 was prepared freshly before each
plating experiment. The presence of BTA in the con-
centration ranges used in this work has only a negligible
effect on the open circuit potential (i.e., 0.275±0.01 V
SHE).
DC and pulse plating experiments were conducted at

an average current density of 4 A dm)2 on electrodes
rotating at 500 rpm to produce 10 lm thick deposits,
except in one part of the study where coatings with
thicknesses varying from 1 to 25 lm were produced.

This current density was chosen since it was high enough
to achieve a high nucleation rate during deposition but
not too high for mass transfer to affect the process
(limiting current density �6 A dm)2). The experimental
procedure involved immersing the copper electrode into
the electrolyte under open-circuit conditions at the start
of each plating and polarization experiment followed by
the immediate application of the desired current or
potential scan.
Scanning electron microscopy (SEM) (LEO fuel-

emission 1530 microscope) and interference microscopy
(Veeco, Wyko NT3300 profiling system) were used to
characterize the deposit morphologies. Scatterometry
measurements (SMS l Scan System, Schmidt Indus-
tries) using 1300 nm wavelength light at an incident
angle of 25� were conducted to determine the deposit
root-mean-square (RMS) microroughness and surface
brightness in terms of specular reflectance. The polished
uncoated copper substrate with specular reflectance of
�93% and RMS roughness of 100–200 Å was used as
the standard for comparison with the quality of deposits
produced under different plating conditions. The spec-
ular reflectance and RMS microroughness values
reported in this study were based on the averages of
six measurements on each sample. The characterization
by SEM, interference microscopy and scatterometry was
conducted ex-situ. In the series of experiments to
investigate the evolution of deposit morphology with
coating thickness, separate plating experiments were
conducted for different durations and the resulting
coatings individually examined by interference micros-
copy and scatterometry.
XPS analysis was used to investigate the possible

incorporation of BTA in the coating during electrode-
position. For this purpose, a multitechnique ultrahigh-
vacuum ESCALab 250 Imaging XPS system (Thermo
VG Scientific) equipped with a hemispherical analyzer
(150 mm mean radius) and monochromatic Al Ka
(1486.6 eV) X-ray source was used. This unit features
fast parallel imaging with very high spatial resolution
(<3 lm) and a microfocused monochromator to
provide high spectroscopic sensitivity and resolution.

3. Results

3.1. Polarization curves

Linear sweep voltammograms were obtained by scan-
ning from the open circuit potential at a rate of
10 mV s)1 to a potential of )0.52 V. Figure 1 shows a
comparison of the curves obtained in the base CuSO4–
H2SO4 solution in the absence of additives and in the
presence of 274 lM HCl (10 ppm) alone, 100 lM BTA
alone and 100 lM BTA+274 lM HCl. In the absence of
additives, the current density increases to a well-defined
mass transfer limiting plateau slightly below 6 A dm)2.
The presence of HCl alone causes depolarization toward
more positive potential relative to that obtained in an
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additive-free solution, similar to that reported previ-
ously [38–40]. This has been attributed to Cu2+ being
able to form a bridge with Cl) at the electrode surface
with shorter distance than that between Cu2+ and H2O
in a chloride-free solution [40]. In the presence of BTA
alone, on the other hand, the electrode response is
polarized in the negative direction relative to that of the
additive-free solution, reflecting an inhibitory effect. A
similar effect has been previously reported [12, 13, 16, 21].
Figure 2 shows the effect of BTA concentration on the

electrode response for Cu2+ reduction over the range
from 20 to 800 lM. As BTA concentration is increased,
so does the extent of inhibition of Cu2+ reduction, as
reported earlier [12, 17, 19, 21]. However, the results in
Figure 2 indicate that the effect of BTA on the polar-
ization curves diminishes as its concentration rises.
Another feature appearing in some polarization

curves in Figures 1 and 2 is a small wave or plateau
as the cathodic current begins to flow. It is most

prominent at lower BTA concentrations and eventually
disappears completely as the BTA level rises above
about 100 lM and the cathodic process is severely
inhibited. Moffat et al. [12] observed a similar wave in
their potential scans in solutions with compositions
comparable to those of the current study, although they
did not speculate on its origin. The wave disappeared
after the electrode potential reached the cathodic limit
and was being scanned back in the positive direction.
Farndon et al. [19], on the other hand, did not observe a
wave, although it should be noted that they used very
low CuSO4 concentrations (10

)3
M) in their experiments

and reduced the exposure of the system to O2 before
and during polarization. Since no precautions to min-
imize the exposure to O2 were taken in the current
study, the wave may be associated with the cathodic
reduction of Cu(I)BTA that forms on the copper
surface at the start of the experiment when open-circuit
conditions prevail.

Fig. 2. Effect of BTA concentration on linear potential scans for Cu2+ reduction at a 500 rpm rotational speed and 10 mV s)1 sweep rate in

0.1 M CuSO4–1 M H2SO4 solutions.

Fig. 1. Linear potential scans for Cu2+ reduction at a 500 rpm rotational speed and 10 mV s)1 sweep rate in 0.1 M CuSO4–1 M H2SO4

solutions containing no additive, 274 lM HCl, 100 lM BTA and 100 lM BTA+274 lM HCl.
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The addition of 274 lM Cl) to a solution containing
100 lM BTA causes significant depolarization of the
electrode response, yielding a curve close to that
obtained in an additive-free solution or one containing
Cl) as the only additive (Figure 1). The effect of chloride
appears to dominate over that of BTA when both
additives are present in the solution. A difference in the
nature of the Cu(I)BTA complex depending on whether
or not chloride is present has been observed in previous
studies on the role of BTA as a corrosion inhibitor [27,
30, 32, 33, 35, 36].
It is noteworthy from Figures 1 and 2 that the limiting

current density for Cu2+ reduction remains the same
regardless of the presence and amount of BTA or Cl) in
solution. This indicates that Cu2+ is the likely starting
point for copper electrodeposition in all cases. Since the
concentration of any soluble copper-BTA species would
be limited by the amount of BTA in solution, the
limiting current density based on this form of copper
would be far less than that observed.

3.2. DC plating

The run-to-run variability of deposit reflectance ob-
tained by DC plating in 0.1 M CuSO4–1 M H2SO4

solutions containing 20 lM BTA was found to be
somewhat high. More consistent results were obtained
when the BTA concentration reached 100 lM. However,
when the BTA concentration exceeded 500 lM, swollen,
flaky and poorly adherent deposits were produced.
Thus, a BTA concentration of 100 lM was used for the
purposes of assessing the effect of plating conditions on
deposit morphology. The copper deposit produced by
DC plating at this BTA concentration and a current
density of 4 A dm)2 appears compact, smooth and very
reflective. Similar results are obtained at a BTA con-
centration of 300 lM. As shown in the SEM image in
Figure 3(a), deposition yields a structure with a large
number of very small uniformly-sized grains and no
evidence of any nodules. The numbers indicated in the
inset of this figure correspond to the specular reflectance
and RMS micro-roughness of the deposit. These reveal
the coating to have very high quality (84% reflectance

and 600 Å RMS roughness), although not to the level of
the polished uncoated substrate. The deposit structure
obtained in the absence of BTA is very coarse-grained,
leading to a dull (38% reflectance) and red-salmon
coating (Figure 3(c)). A similar effect of BTA on copper
deposit structure has previously been reported [8, 11, 13,
17, 21]. Comparison of Figures 3(a) and 3(c) shows the
marked improvement in deposit quality achieved by the
addition of BTA alone. As expected, the electrode
potential during electrodeposition in the solution con-
taining 100 lM BTA is polarized in the negative direc-
tion (�)0.183 V) compared to that in the additive-free
solution.
The effect of the addition of 274 lM Cl) to a solution

containing 100 lM BTA is dramatic. For one thing, the
electrode potential during DC plating is depolarized to
�0 V, close to the value of �0.04 V observed during
electrodeposition in the presence of 274 lM Cl) alone,
but no BTA. The SEM image shown in Figure 3(b)
indicates that the corresponding coating surface is much
rougher and duller than when BTA alone is added. Poor
quality deposits in the presence of these two additives
were also observed by Yoon et al. [37]. It is interesting
that the deposit quality is even poorer than that
obtained in the absence of any additives (Figure 3(c)).
Although Vogt et al. [33] focused on the effect of BTA
and Cl) on morphological changes during corrosion of
Cu (100) surfaces, one of their results is noteworthy in
regard to the current study. In this experiment, they first
oxidized a copper substrate immersed in a solution
containing HCl and BTA before adjusting the electrode
potential to reducing conditions for 20 min. Hill-like
circular nodules formed over the surface during reduc-
tion. This phenomenon was attributed to the re-reduction
of Cu2+ ions generated during the previous oxidation of
the metal. It is interesting that this deposit structure is not
unlike that shown in Figure 3(b).

3.3. PC plating

Figure 4 shows the variation of the electrode potential
during PC plating at 4 A dm)2 average current density,
50 Hz pulse frequency and 50% duty cycle in the

Fig. 3. SEM images (�5000) of deposits produced by DC plating at 4 A dm)2 in 0.1 M CuSO4–1 M H2SO4 solutions containing (a) 100 lM

BTA (b) 100 lM BTA+274 lM HCl (c) no additive. The indicated scale applies to all images.
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various electrolytes investigated in this study. As
expected, the electrode potential is polarized consider-
ably in the negative direction during both the on-time
and off-time of each pulse cycle when 100 lM BTA alone
is present.
The SEM images of deposits obtained by PC plating

in the absence and presence of 100 lM BTA under
various conditions are shown in Figure 5. With the
exception of the result obtained at 50 Hz and 20% duty
cycle, smoother and brighter deposits are always
obtained in the presence of BTA, similar to that
observed under DC conditions. The deposit produced
at 50 Hz and 20% duty cycle has a rough and large-
grained structure with much lower reflectance (�49%)
than that produced at higher duty cycles. In fact, its
appearance is worse than that produced by PC plating at
50 Hz in an additive-free solution (Figure 5(a)). How-
ever, the results in Figure 5(b) show that deposit
morphology improves significantly when the duty cycle
is increased to 50 and 80% at 50 Hz pulse frequency.
The applied current density of 20 A dm)2 during the
on-time at a 20% duty cycle is very close to the pulse
limiting current density of 22.6 A dm)2 estimated using
the semi-empirical expression developed by Chène and
Landolt [41], but well below the limiting value when the
duty cycle is increased to 50 and 80%. Thus, the poor
deposit quality obtained at the low duty cycle may be
due to mass transfer effects. This idea is supported by
the significant improvement in deposit quality to the
level obtained at higher duty cycles that was achieved by
increasing the rotation speed to 750 rpm.
Once the frequency is increased to 500 Hz and above,

all deposits are smooth, compact and highly reflective,
similar to that produced by DC plating (Figure 5(b)),
irrespective of duty cycle. A gradual decrease in RMS
roughness is evident as frequency is raised. The obser-
vation that duty cycle has much less impact at higher
frequencies is expected from our general understanding
of pulse plating. At a frequency of 500 Hz, the on-time
during each cycle is now short enough that relatively

Fig. 4. Electrode potentials monitored during PC plating at 4 A dm)2 average current density, 50% duty cycle, 50 Hz and 500 rpm rotational

speed in 0.1 M CuSO4 –1 M H2SO4 solutions containing (a) no additive (b) 274 lM HCl (c) 100 lM BTA (d) 100 lM BTA+274 lM HCl.

Fig. 5. SEM images (�5000) of deposits produced by PC plating at

different frequencies and duty cycles in 0.1 M CuSO4–1 M H2SO4

solutions containing (a) no additive (b) 100 lM BTA.
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little depletion of Cu2+ in the boundary layer occurs
even at 20% duty cycle and 500 rpm, unlike the
situation at 50 Hz. The pulse limiting current densities
at duty cycles of 20, 50 and 80% are estimated to be
27.2, 11.7 and 7.5 A dm)2, respectively, which are
considerably higher than the corresponding pulse cur-
rent densities of 20, 8 and 5 A dm)2 applied during the
on-times of these experiments. The ratio of the applied
pulse current to the pulse limiting current at the three
duty cycles is similar at 500 Hz and above. Conse-
quently, there is likely little difference in the conditions
at the electrode surface during the on-time at these duty
cycles, leading to similar deposit morphologies. As
discussed later, some of the trends observed in Figure 5
may also be due to specific aspects of the Cu–BTA
system.
When PC plating is carried out in the presence of

100 lM BTA+274 lM HCl, many of the same trends
evident during DC plating at the same average current
density are observed. The electrode response is depo-
larized significantly from that obtained in the presence
of 100 lM BTA alone (Figure 4). In fact, the electrode
potential remains almost identical to that measured in
the presence of 274 lM HCl alone throughout the entire
cycle. Also, the deposit morphologies obtained in
solutions containing 100 lM BTA+274 lM HCl are
very similar to those produced by DC plating at the
same average current density. They appear smooth, but
dull (�13% reflectance; >2283 Å roughness) with non-
metallic and light brick-red colour surface regardless of
the frequency and duty cycle. Evidently, the use of pulse
plating has little effect on the interaction of BTA and
chloride on the electrode surface.

3.4. PR plating

PR plating has the capability to improve deposit
uniformity over that achieved by DC or PC plating by
preferentially dissolving overplated areas during the
reverse time [42]. Thus, PR plating was carried according
to a waveform with cathodic and anodic pulse current
densities of 6 A dm)2 and duty cycle of 83.3% to yield an

average current density of 4 A dm)2 (same as during DC
and PC experiments). The SEM images of the deposits
obtained by PR plating at 50 and 500 Hz in solutions
containing 100 lM BTA and their corresponding elec-
trode potentials are shown in Figure 6 and Figure 7,
respectively. The SEM images and % reflectivity values
indicate that a poor deposit with very rough morphology
and large grains is obtained at 50 Hz relative to those
obtained at higher frequencies (deposits obtained at 500,
5000 and 50000 Hz are similar to each other). This
observation is related to the electrode responses moni-
tored during PR plating. When PR plating is carried out
at low frequency (e.g., 50 Hz), the electrode potential
rises above the open-circuit potential (Eocp) during the
reverse time, indicating that dissolution takes place
(Figure 7(a)). As shown in Figure 6(a), the resulting
deposit is of poor quality, with a strong salmon-red
colour, a very coarse and cauliflower-like structure and
virtually no reflectance (�2–3% reflectivity).
During PR plating at higher frequencies (‡500 Hz),

double layer charging prevents the electrode potential
from reaching above Eocp during the reverse time [43],
indicating dissolution does not occur (Figure 7(b)). The
electrode response becomes similar to that obtained
during PC plating (or DC plating if frequency is high
enough). Thus, it is reasonable that a deposit similar to
that obtained by PC or DC plating is produced under
these conditions (Figure 6(b)).

3.5. Evolution of deposit morphology during plating

Since copper electrodeposits produced by DC and PC
plating in the presence of 100 lM BTA are similar, only
DC plating experiments were used to study the evolu-
tion of deposit morphology and the depletion/incorpo-
ration of BTA (Section 3.6). The development of deposit
morphology in a solution containing 100 lM BTA as
coating thickness increases from 1 to 25 lM was
characterized using interference microscopy and
specular reflectance measurements. Figure 8 shows
3-dimensional interference microscope images of copper
deposits at � 100 magnification (59.3 � 45.1 lM areas).

Fig. 6. SEM images (� 5000) of deposits produced by PR plating in 0.1 M CuSO4–1 M H2SO4 solutions containing 100 lM BTA at 4 A dm)2

average current density, cathodic and anodic pulse current densities of 6 A dm)2 and frequencies of (a) 50 Hz (b) 500 Hz.
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The corresponding % reflectivity and RMS roughness
are also included with each image. The deposit structure
produced in BTA-containing solutions contains uniform
and homogeneous islands distributed evenly over the
surface from the outset (Figure 8(b)) to a much later
stage when the coating thickness reaches 25 lM (Fig-
ure 8(f)). Although roughening is apparent over 30 min
of plating (from 600 to �2100 Å), a considerable
amount of the initial reflectance is still retained.

3.6. Incorporation of BTA in deposit

To find direct evidence for the incorporation of BTA in
the coating, a deposit obtained by DC plating for
12 min (10 lM thick) in a solution containing 100 lM

BTA was analysed by XPS. Figure 9 shows the spec-
trum in the region of the N1s signal. Also included is the
spectrum for a deposit obtained from a solution
containing no BTA. In each case, a peak at the N1s
binding energy appears in the scan. However, the peak
height for the coating produced in the presence of
100 lM BTA is much larger than the one obtained in its
absence. Although not included here, the intensities of
the C1s peaks for these samples are comparable.
Consequently, we interpret the N1s signal for the
sample obtained in the absence of BTA to be due to
contaminants and the signal for the other sample to be
due mostly to the presence of BTA on the coating

surface. Direct evidence for the incorporation of BTA in
copper electrodeposits has been previously reported by
several researchers using various techniques other than
XPS [11, 13, 36, 44]. Moffat et al. [12] obtained indirect
evidence for its incorporation on the basis of resistivity
measurements. Kim et al. [21] did not find evidence for
its presence in their coatings using Auger electron
spectroscopy, but attributed this to instrument limitation.
Figure 9 also shows that when both samples were

sputtered for 1 min, the N1s peak disappeared com-
pletely. Although the penetration depth after 1 min of
sputtering is unknown, there is good reason to believe
that it remains within the coating itself. In unpublished
work, we obtained the XPS spectra of a copper deposit
produced in the presence of thiourea for the same
plating duration and current and detected this additive
after 1 min of sputtering under identical conditions to
that used in the present study. Assuming similar
sputtering rates in the two cases, the results in Figure 9
indicate that BTA does not extend through the entire
thickness of the coating as it grows. Pizzini et al. [44]
observed from EXAFS analysis that the BTA-contain-
ing layer extended only over the outer atomic layers
(1–1.5 nm) of their copper deposits. On the other hand,
Leung et al. [11] concluded that the incorporation
extends more deeply into the coating on the basis of
SIMS analysis. However, they reported secondary ion
counts for Cu, H, C and S, but not N, and restricted

Fig. 7. Electrode potentials monitored during PR plating in 0.1 M CuSO4–1 M H2SO4 solutions containing 100 lM BTA at 4 A dm)2 average

current density, cathodic and anodic pulse current densities of 6 A dm)2 and frequencies of (a) 50 Hz (b) 500 Hz.
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their attention to the initial stages of electrodeposition
and coating thicknesses less than 1 lM, much thinner
than those considered in the current study.
The extent of incorporation of BTA during electro-

deposition was also assessed indirectly by making use of
the dependence of the polarization curve for Cu2+

reduction on the BTA concentration, as shown in
Figure 2. In one set of experiments, a succession of 20
linear scans was obtained in a solution originally
containing 0.1 M CuSO4, 1.0 M H2SO4 and 20 lM

BTA. Each scan was carried out from the open-circuit
potential to )0.52 V at a rate of 10 mV s)1. To
minimize the effect of coating build-up on the current–
potential curves in successive scans, we removed the
copper disc at the end of each scan and replaced it with a

fresh one. The same original solution was used through-
out all 20 scans.
The resulting electrode responses presented in

Figure 10(a) show only a negligible shift in the curves
after the 20 scans. It should be emphasized that the
shape of the polarization curves is particularly sensitive
to BTA concentration at levels of 20 lM or below. The
total charge used for Cu2+ reduction over the 20 scans
would produce the equivalent of an approximately
12 lm thick metal coating, comparable to that produced
during our plating experiments. The polarization curves
in Figure 10(b) were obtained from a second set of
experiments to estimate the incorporation of BTA
during electrodeposition. This experiment began with a
linear scan from the open-circuit potential to )0.52 V in

Fig. 8. Interference microscope images (�100) of deposits obtained by DC plating in 0.1 M CuSO4–1 M H2SO4 solutions containing 100 lM

BTA. Deposit thickness: (a) 0 lm (i.e, polished uncoated), (b) 1 lm, (c) 2 lm, (d) 5 lm, (e) 10 lm (f) 25 lm.
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a solution containing 20 lM BTA. DC plating was then
carried out at 4 A dm)2 for 12 min. At the end of this
plating, the coated disc was replaced with a fresh one
and a second linear scan was obtained. DC plating was

then repeated for 60 min at 4 A dm)2 under otherwise
identical conditions. This was followed by a final scan
using a fresh electrode. It should be noted that the same
original solution was used throughout the entire series
of experiments so that the last scan was obtained after
DC plating for a total of 72 min. As shown in
Figure 10(b), the polarization curves obtained after 12
and 72 min of DC plating are essentially unchanged
from that obtained in the fresh solution. There is no
evidence that the BTA concentration in solution has
decreased significantly from 20 lM by the end of the
experiment, similar to that indicated in Figure 10(a).
An upper bound estimate of the amount of BTA

incorporated into the deposit during plating can be
obtained by assuming the process is controlled by its
mass transfer from the bulk solution to the coating and
that no detachment or desorption from the surface
occurs. This leads to the following equation for the
concentration CBTA(t) at plating time t:

V
dCBTA

dt
¼ �km;BTAACBTAðtÞ ð1Þ

where V, A and km,BTA denote the solution volume,
electrode area and BTA mass transfer coefficient in the
boundary layer adjacent to the electrode, respectively.
Equation (1) can be easily solved to yield:

CBTAðtÞ ¼ CBTAð0Þe�
km;BTAA

V t ð2Þ
which can then be used to obtain an expression for the
average BTA content MBTA(t) in the deposit (expressed
as mg BTA per g Cu):

MBTAðtÞ ¼
2FVCBTAð0ÞMWBTA 1� e�

km;BTAA

V t
� �

1000

i A t MWCu

ð3Þ

Fig. 9. XPS spectra of copper electrodeposits obtained after 10 min of DC plating in 0.1 M CuSO4–1 M H2SO4 solutions containing 0 and

100 lM BTA before and after 1 min sputtering.

Fig. 10. (a) Electrode responses during 1st, 6th, 11th and 20th cycles

of repeated linear potential scans. (b) Linear potential scans ob-

tained in fresh solution and remaining solution after DC plating for

12 and 72 min. Electrolyte contains 0.1 M CuSO4, 1 M H2SO4 and

20 lM BTA at the start of both experiments. (Note: Each scan was

obtained using a fresh copper disk).
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where i denotes the current density (A cm)2) and
MWBTA and MWCu are the molar masses of BTA
and Cu. V, A, t and CBTA(t) have units cm3, cm2, s and
mol cm)3, respectively, in this expression. The mass
transfer coefficient for BTA is estimated to be
3.71 � 10)3 cm s)1 using the literature value of
6.9 � 10)6 cm2 s)1 for its diffusion coefficient [45] and
the boundary layer thickness of 1.86�10)3 cm at a RDE
rotating at 500 rpm. Then, using the values of V and A
for our set-up, we estimate the BTA concentration
remaining in solution to be 19.7 lM and MBTA to be
0.66 mg BTA per g Cu (equivalent to 0.035 mol%) after
12 min of DC plating at 4 A dm)2 from a solution
initially containing 20 lM BTA. After 72 min of plating,
CBTA(t) is estimated to still be as high as 18.1 lM and
MBTA to be 0.64 mg BTA per g Cu. Since these results
represent an upper limit to the amount of BTA
incorporated, it is not surprising that there is negligible
shift in the polarization curves in Figure 10. Clearly, the
decline in deposit smoothness that occurs as the coating
thickness grows to 10 lm and above (Figure 8) is not
due to depletion of BTA from the solution. The
detection limit of the XPS instrument used in this study
falls in the range of 0.1–1.0 mol%. Therefore, the fact
that a N1s peak could be detected by XPS (Figure 9) is
consistent with the finding from the sputtering experi-
ment that BTA is found primarily near the outer surface
of the electrodeposit.
The most extensive study to quantitatively determine

the amount of BTA contained within copper electrode-
posits was conducted by Prall and Shreir [13] who
investigated the effects of BTA concentration, Cu2+

concentration, pH, temperature, coating thickness, plat-
ing time and degree of agitation on the amount of the
additive incorporated. Their technique only determined
the average content over the entire coating. Although
the operating conditions in our study do not exactly
match theirs, they certainly fall well within their range.
The BTA contents reported by Prall and Shreir varied
from as low as 5�10)4 mol% to at most 0.4 mol%
depending on the conditions. The estimates of the
maximum average BTA content obtained from our
analysis above lie within this range.

4. Discussion

4.1. Electrodeposition in the presence of BTA alone

The differences in deposit quality obtained in the
presence of 100 lM BTA (Figure 3(a)) and in an
additive-free solution (Figure 3(c)) are consistent with
expectations from electrocrystallization theory. In the
absence of BTA, the initial stages of electrocrystalliza-
tion start with small nuclei forming at surface defects,
steps, edges or other receptive sites [8, 11, 18]. Electro-
deposition occurs primarily by an instantaneous nucle-
ation mechanism and shows marked 3-dimensional

grain growth [8, 11, 21]. Deposits tend to be coarse-
grained and rough since surface diffusion of copper
adatoms to existing nuclei and kink sites and 3-dimen-
sional grain growth are the dominant processes and
largely unhindered. The quality of the coatings pro-
duced in the presence of BTA alone is consistent with
that expected from the mechanism proposed by Schmidt
et al. [8] and Leung et al. [11] based on scaling and
spectral analyses of AFM images of various deposits.
Nucleation occurs more evenly over the surface rather
than at specific features on the substrate [8, 11, 18, 21].
Since surface diffusion and 3-dimensional growth are
also severely impeded, nuclei are continually formed
with relatively little growth as current is applied, leading
to a coating with finer and more numerous grains [8, 11,
21]. Also, as revealed from dynamic scaling [8, 11] and
in situ STM [32] analyses, the presence of BTA has a
leveling effect by promoting the disappearance of
surface protrusions and the filling of recesses. This
effect is reflected in the coating in Figure 3(a) which has
a relatively low RMS roughness of �600 Å, considering
its overall thickness is 10 lm.
To explain our results, we make use of the reaction

mechanism for two parallel routes by which copper
deposits in the presence of BTA, similar to that
originally proposed by Prall and Shreir [13]. The first
route is the same as that occurring in the absence of
additives, i.e.,

Cu2þ þ e� ! Cu(I) ð4Þ

Cu(I)þ e� ! Cu ð5Þ
The BTA detected on the deposit surface is likely an
adsorbed complex or film of Cu(I)–BTA which partic-
ipates in copper deposition as follows:

Cu2þ þ e� ! Cu(I) ð4Þ

Cu(I)þ BTAads ! Cu(I)BTAads ð6Þ

Cu(I)BTAads þ e� ! Cu þ BTAads ð7Þ
Although these steps have also been proposed by others
[11], most focus has been placed on the second route to
explain the observed behaviour.
During cathodic polarization, it is possible for copper

metal to form via the second route on sites containing
pre-existing metal or Cu(I)BTA. In the latter case, all
reaction steps – formation of Cu(I) (reaction 4) and the
formation and consumption of Cu(I)BTA (reactions 6
and 7) – will occur at the Cu/Cu(I)BTA interface. Once
released by reaction (7), BTA can form complexes with
other Cu(I) species at the Cu/Cu(I)BTA interface. Thus,
Cu(I)BTA would remain on top of metallic copper as
the deposit grows outward. As suggested previously [16,
19], each adsorbed BTA can form complexes with
numerous Cu(I) species throughout the deposition
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process. If this idea is correct, then the depletion of BTA
from solution will be even less than the small amount
estimated from the previous analysis based on mass
transfer-controlled incorporation within the deposit.
The amount of Cu(I)BTA on the coating surface would
not become too large since its formation is limited by the
availability of copper ions at the Cu/Cu(I)BTA interface
[19, 25].
Whether metallic copper will form by the first or

second route will depend on factors such as the applied
current, Cu2+ and BTA concentrations, pH, extent of
solution agitation and temperature. The effect of these
variables on the incorporation of BTA in the coating
was investigated by Prall and Shreir [13]. One can use
arguments based on the mechanism involving reactions
(4)–(7) to explain their observations. It will be interest-
ing to use this mechanism to help explain some of the
effects observed in the pulse plating experiments of the
current study.
As discussed in Section 3.3, our experiments suggest

that mass transfer effects cause the poor deposit quality
during PC plating at 50 Hz and 20% duty cycle in the
presence of BTA (Figure 5b). In addition, the effect of
duty cycle on deposit morphology at this low frequency
differs depending on whether BTA is present or not.
Obviously, some specific aspects of the Cu–BTA system
are at play in this situation. Prall and Shreir [13] found
that higher BTA content and brighter and smoother
coatings were obtained as the agitation rate was raised
due to enhancement in the transport of BTA to the
electrode surface. This is a reasonable explanation given
that the additive concentration is orders of magnitude
less than that of Cu2+ during electrodeposition. This
reasoning is supported by our observation that a change
in the electrode rotation speed from 500 rpm to
750 rpm improves deposit quality significantly during
PC plating at 50 Hz and 20% duty cycle. On the other
hand, examination of Figures 1, 2 and 10 in this study
and the potential scans of Farndon et al. [19] and
Moffat et al. [12] indicates that the limiting current
plateaus are tied to the Cu2+ concentration, not the
BTA level. However, this apparent discrepancy is not in
conflict with the proposed mechanism. The overall
current measured during the potential scans would
result from the sum of the contributions from the two
parallel routes. If the transport of BTA to the electrode
becomes limiting, this restricts the rate of copper
deposition by the second route only. The rate of Cu2+

reduction can still increase further via the first route.
Since the Cu2+ concentration is much higher than that
of BTA, the copper deposition rate reaches a maximum
only once the transport of Cu2+ ions to the surface is
limiting and so the limiting current plateaus are tied to
the Cu2+ concentration.
This study has shown that although the addition of

BTA alone improves deposit morphology, this effect
does not depend on whether DC or PC plating is being
conducted. This result is consistent with the finding of
Biggin and Gewirth [36] from their in situ FTIR study

that the intensity of the peak associated with the
Cu(I)BTA complex on the copper substrate remains
independent of electrode potential over the range
between the open-circuit potential and the onset of H2

evolution. This indicates that the state of the electrode
surface during cathodic polarization does not depend
significantly on electrode potential when BTA is the
only additive. One would expect PC plating to have a
different effect on deposit morphology than DC plating
if the state of the surface or the extent of Cu(I)BTA
formation on the surface is affected by electrode
potential. Otherwise, the resulting morphology should
not change as the electrode potential is varied during
each PC cycle and should be similar to that obtained by
DC plating.
Deposit quality obtained by PR plating when BTA is

present appears to be closely related to the electrode
potentials reached during the reverse portion of the pulse
cycle. Smooth and bright deposits are obtained at higher
frequencies when the electrode potential does not reach
above the open-circuit value and metal dissolution
presumably does not occur. Under these conditions,
PR plating yields results similar to that of the PC mode.
On the other hand, rough and dull deposits are produced
at lower frequencies when anodic dissolution of copper
presumably occurs during the reverse-time. At first
glance, this might be surprising since BTA can inhibit
the corrosion of copper and protect the surface under
anodic conditions. However, BTA does not protect
copper from corrosion very well in acidic conditions due
to the more porous nature and lower degree of polymer-
ization of the Cu(I)BTA film [29–31]. Also, BTA is an
effective corrosion inhibitor only at much higher con-
centrations than is the case for electrodeposition. It is
likely that under the conditions effective for copper
deposition, Cu(I)BTA does not completely cover the
electrode surface during cathodic polarization. Conse-
quently, when copper dissolution occurs during the
reverse-time at low frequencies, regions covered by
Cu(I)BTA would be protected whereas exposed areas
would be preferentially attacked and dissolve. A very
coarse and rough deposit would then develop as PR
plating proceeds. Another contributing factor may be the
decomposition of Cu(I)BTA itself during the reverse
portion of the pulse cycle. During plating at 50 Hz, the
electrode potential can exceed 0.45 V (Figure 7(a))
which is well above the reversible potential for the
anodic oxidation of Cu(I)BTA to Cu2+ and BTAH2

+,
based on thermodynamic data reported by Tromans [46].
Anodic dissolution of copper generates Cu+ ions as

well as Cu2+ ions in acidic sulphate solutions even in the
absence of a complexing agent. Cuprous ions will be
confined to a region very close to the electrode surface
under the solution conditions of this study (i.e., pres-
ence of dissolved O2 and additive and high agitation
rate) [47, 48]. No doubt some of the cuprous will re-form
Cu(I)BTA. However, if enough cuprous is generated,
some will also react to re-precipitate metal on the
deposit surface by the disproportionation reaction
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2Cuþ(aq)Ð Cu (s)þ Cu2þ(aq) ð8Þ
It is likely that such a process would exacerbate the
coating roughness.

4.2. Electrodeposition in the presence of BTA and HCl

The electrode responses during DC, PC and PR plating
(Figures 1 and 4) and the resulting deposit morphologies
(Figure 3) clearly show that the addition of Cl) elimi-
nates the effects of BTA during copper electrodeposition.
Furthermore, the behaviour of the system is closest to
that observed when HCl alone is added. To our
knowledge, there have been no reported studies to
directly identify the species present on the electrode
surface during copper electrodeposition in the presence
of BTA and HCl together. However, we can use
published results for related conditions to help explain
the behaviour observed during our DC, PC and PR
experiments.
The ability of BTA to inhibit the corrosion of copper

in acidic solutions has been found to be reduced when
Cl) ions are present. Based on in situ STM images,
in situ FTIR spectroscopy and electrochemical measure-
ments, Vogt et al. [33] presented evidence to explain this
effect. Their results indicated that chloride ions displace
adsorbed BTA from the copper surface at potentials
above )0.36 V SHE. With further anodic polarization,
copper is left unprotected and dissolves as CuCl2

). Only
when CuCl2

) ions combine with BTA in solution does
Cu(I)BTA precipitate and cover the copper surface. The
greater stability of copper chloride complexes than
Cu(I)BTA is also in agreement with the results of
polarization experiments of Tromans and Sun [30] and
Tromans and Silva [49] and the thermodynamic calcu-
lations of Tromans [46]. Biggin and Gewirth [36] also
used in situ polarization modulation FTIR to investigate
the combined effect of BTA and Cl) on the state of the
copper surface during cathodic polarization (in the
absence of Cu2+ reduction). They found that Cu(I)BTA
was not stable at or near the electrode surface in the
presence of chloride at any electrode potentials where
Cu2+ reduction normally occurs. Thus, one would
expect the coatings formed by copper electrodeposition
under these conditions to have morphology closer to
that obtained in the absence of BTA. This also explains
why the use of PC plating yielded the same results as DC
plating in the current study.
The same effect would also apply during the cathodic

portion of PR plating. In addition, the phenomena
associated with the reverse portion of the cycle discussed
in Section 4.1 would also further contribute to the
worsening of deposit quality. These problems would be
compounded by the fact that Cu(I) generated during
anodic oxidation of copper forms stable chloride com-
plexes and likely lead to the precipitation of some CuCl
on the electrode surface. Finally, in situ studies have
revealed the evidence for another roughening process in
BTA-containing acidic chloride solutions that involves

the BTA-induced dissolution of metal at certain loca-
tions and its re-deposition elsewhere [33].

5. Conclusions

The addition of 100 lM BTA to acidic copper sulphate
plating solutions is generally found to produce bright
deposits with compact, small-grained structures. XPS
examination reveals that BTA is present at the surface of
the deposit, but does not extend through the entire
coating thickness. Polarization curves and a simple
analysis based on mass transfer-limited incorporation of
BTA in the deposit indicate that no depletion of the
additive from the solution likely occurs during plating.
This agrees with our observation that the beneficial
effects of 100 lM BTA on deposit morphology are
maintained even when the deposit grows to 10 lm thick.
However, this also suggests that the decline in deposit
quality thereafter is not due to depletion of BTA from
solution. On the other hand, the addition of a small
amount of Cl) to such a solution completely eliminates
the beneficial effects of BTA and produces an electrode
response and deposit morphology similar to that
obtained in the presence of Cl) alone. The use of pulse
current (PC) plating does not bring about any significant
change in deposit morphology from that obtained by
DC plating. The similarity of deposit quality regardless
of plating mode is consistent with the previously
reported finding that the nature and amount of the
Cu(I)BTA complex on a copper surface is independent
of electrode potential over the range where Cu2+

reduction occurs. One exception to this trend is PC
plating at low frequency (50 Hz) and low duty cycle
(20%) which yields rougher and duller coatings than
that produced by DC plating and even in the absence of
BTA. Our experiments suggest that this is due to
limitations of mass transport of BTA to the electrode
surface. The quality of deposits obtained by pulse
reverse (PR) plating depends very strongly on the
electrode potential reached during the reverse time. At
low frequencies (50 Hz) where the electrode potential
rises above the open-circuit potential, metal dissolution
occurs during the reverse-time and leads to a very coarse
and dull cauliflower-like deposit structure. At frequen-
cies of 500 Hz and above, double layer charging effects
prevent the potential from rising above the open-circuit
value and metal dissolution from occurring. The result-
ing deposit is very bright and smooth with a compact
structure similar to that obtained by DC and PC plating.
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