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Many articles have shown that polyethylene glycol (PEG), when combined with chloride ions, is a
strong suppressor of copper overpotential deposition (OPD) on a copper substrate. However, few
articles have explored the roles of PEG and chloride ions in copper underpotential deposition (UPD)
when the cathodic substrate was polycrystalline gold. The individual roles and the interactions of PEG
and chloride ions during Cu UPD on a polycrystalline gold electrode were characterized using cyclic
voltammetry (CV). According to the CV patterns, a small amount of chloride ions strongly facilitated
the Cu UPD at a more positive potential; PEG alone exhibited a similar CV pattern to that of the
additive-free case. PEG significantly promoted the accelerating effect of chloride ions on Cu UPD, a
result that is the opposite of what occurred during Cu OPD. A mechanism by which PEG-CI
accelerates Cu UPD was proposed. This mechanism also indirectly suggests that the suppressor of Cu
OPD should be PEG-Cu*-Cl", which could not form during Cu UPD on the polycrystalline gold
electrode.

Keywords: Polyethylene glycol, suppressor, copper electrodeposition, underpotential deposition,
overpotential deposition.

1. INTRODUCTION

Copper electrodeposition on a copper substrate has been comprehensively explored in
industrial applications, particularly in the electronics industry [1-4]. The copper electrodeposition
solutions formulated for the electronics industry have usually contained at least two or three organic
additives, such as an accelerator, a suppressor and a leveler [5-9]. One commonly used suppressor is
composed of polyethylene glycol (PEG) and chloride ions [10-17]. The inhibiting mechanism of PEG-
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Cl in copper electrodeposition has been widely studied, and it has been shown that the PEG-Cu*-CI”
complex adsorbed on the copper surface is the practical suppressor [10, 16, 17].

Because a common substrate adopted for copper plating was metallic copper, the copper
plating process was performed within the range of overpotential deposition (OPD), meaning that the
reductive potential of Cu?* was more negative than the Nernst equilibrium potential of Cu®*/Cu [18].
Therefore, the proposed inhibiting mechanism of PEG-CI was based on the copper OPD process.
Recently, a new copper plating process, which uses a plating bath that contains no accelerator, was
proposed [19, 20]. The required accelerator for copper electrodeposition was pre-adsorbed onto the
seed layer of the sample in an independent pre-treatment bath. To enhance the yield, gold, rather than
copper, was employed as the seed layer. This change was made because the disulfide group of the
accelerator easily reacted with copper to destroy the seed layer, but a gold seed layer exhibited better
chemical stability than did copper [19, 20]. The replacement of the seed layer material from copper to
gold resulted in copper underpotential deposition (UPD) on the gold surface, meaning that the
reductive potential of Cu?* was more positive than the Nernst equilibrium potential of Cu**/Cu [18].

Until now, most papers have focused on the effects of organic additives on copper OPD [5-17],
but few papers have mentioned the effects of these additives, particularly PEG-CI, on copper UPD [21,
22]. Kolb et al.[23] studied the effect of PEG-CI on copper UPD and OPD on a Au(111) electrode.
Inhibition of Cu OPD was observed when PEG and chloride ions were both present in solution, but
PEG alone had a negligible impact, and chloride ions alone accelerated the deposition. In fact, many
papers have studied the copper UPD process on a single-crystal gold electrode because it is easy to
characterize [24-36]. However, the practical gold seed layer for the copper electroplating process is
polycrystalline. Therefore, we have studied the effect of PEG-CI on copper UPD using cyclic
voltammetry (CV) to explore the role of PEG and chloride ions during copper UPD.

2. EXPERIMENTAL PART

CV was performed using a PGSTAT30 (Auto-Lab) potentiostat with a three-electrode setup. A
polycrystalline gold electrode with a cross-sectional area of 0.0706 cm? (99.99%, Metrohm) was
employed as the working electrode. The counter electrode was a platinum foil or a copper bar,
depending on the presence of CuSO, in the electrolyte solution. A saturated mercurous sulfate
electrode (SMSE) was employed as a reference electrode.

The mechanical pretreatment procedure included manually polishing the gold electrode to a
mirror-finish with alumina slurry (particle sizes of 0.5 and 0.3 um) and a polishing cloth. Finally, the
electrode was rinsed with deionized (DI) water and cleaned ultrasonically in DI water for 5 min to
remove residual alumina particles that could be trapped on the surface. After this mechanical
pretreatment, the electrode surface was examined using an optical microscope (OM, Olympus BX51)
to make sure there were no defects. The electrochemical pretreatment was performed by successive
scans between gold redox potentials (from —0.7 V to 0.9 V vs. SMSE) in a 0.54 M H,SO, agueous
solution at a scan rate of 50 mV s . Usually, a stable gold redox pattern, which was the same as in
previous work [37-39], was obtained after 6 cycles, demonstrating that a clean polycrystalline gold



Int. J. Electrochem. Sci., Vol. 6, 2011 3418

surface had been obtained. The electrode was then rinsed with DI water and ultrasonicated in DI water
for 5 min.

The redox CV patterns that occurred on the polycrystalline gold electrode in different
electrolyte solutions were measured using a potentiostat with a three-electrode setup. The volume of
the analytic solution was 100 mL, and the temperature of the solution was maintained at 25°C during
analysis. The scan rate of the CV was 80 mV s, starting at an open circuit potential (OCP) and was
negative-going to the first return potential, positive-going to the second return potential and then
returned to the OCP. The scan range depended on the presence of CuSQOy, in the electrolyte solution.
The concentrations of chemicals used in the CV were 0.88 M CuSQy, 0.54 M H,S0Os, 200 ppm PEG
with a molecular weight of 8000 mg mol™ (Fluka) and 10 to 60 ppm CI~ (NaCl, Fisher, Certified ACS)

3. RESULTS ANT DISCUSSION

3.1. CV of PEG and Cl~ in the absence of Cu®*

To understand the effect of chloride ions on the copper UPD, the electrolyte solutions that
contained 0.54 M H,SO,4 and different concentrations of chloride ions with no Cu®* ions were first
characterized by CV, as shown in Fig. 1.
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Figure 1. Cyclic voltammograms of polycrystalline gold electrodes in the presence of different
chloride ion concentrations. The scan rate was fixed at 80 mV s™*. The base solution was 0.54
M H,SO..
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Two current density peaks corresponding to reduction reactions, denoted by A and B, and one
current density peak corresponding to an oxidation reaction, denoted by A’, were observed in the CV.
The magnitudes of peaks A’ and A increased with the concentration of chloride ions. This redox is
attributed to gold dissolution and reduction facilitated by chloride ions (i.e., Au + 4CI" = AuCl; + 3¢)
[40, 41]. Therefore, these peaks did not appear in the absence of chloride ions, but a slight surface
oxidation occurred (i.e., 2Au + 3H,0 = Au,03 + 6H" + 6e7) [37-39], as recorded by curve (a). Peak B
is attributed to the oxygen reduction reaction (ORR) in the acidic solution (i.e., O; + 4H" + 4¢™ =
2H,0) [42-43]. The addition of NaCl hampered the ORR because of the adsorptive effect of the
cations and anions in the double layer, which caused a potential shift of the ORR.
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Figure 2. Cyclic voltammograms of polycrystalline gold electrodes in the presence of different
chloride ion concentrations and 200 ppm PEG. The scan rate was fixed at 80 mV s™*. The base
solution was 0.54 M H,SO,.

When 200 ppm PEG was added to the electrolyte solutions that contained different
concentrations of chloride ions, similar CV patterns to those in Fig. 1 were obtained, as shown in Fig.
2. However, strong oscillations in the current density were recorded in the CV. In addition, the
magnitudes of peaks A’ and A increased because of the addition of 200 ppm PEG, which indicates that
PEG facilitated the gold redox in the presence of chloride ions. Similar results were also observed in
the system using platinum as working electrode [44, 45]. They attributed the increase in oxidative
current density after PEG addition to both platinum and PEG oxidation. The oscillation indicates that
PEG, which is a polymer and a neutral wetting agent, could collide with the gold surface to fluctuate in
the double layer on the gold electrode. Therefore, when PEG was present in the electrolyte solution,
oscillation occurred, as shown in Fig. 3.



Int. J. Electrochem. Sci., Vol. 6, 2011 3420

0-3"'I"'I"'I"'I"‘I"‘I"'I"'
o 02 —— (a) without additive A ]
g (b) 60 ppm CI™
< —— (c) 200 ppm PEG
E o1 (d) 60 ppm CI™ + 200 ppm PEG i
o A Aon 808 AR f
@ kAt
E 0.0 1 o pﬁ \ﬁj\fﬂ E'}J*L’W\‘W -
< w0
o AL
5 /4
O 014 L2040 A i

B
B o A L e B s e B B e B A B

08 06 04 02 00 02 04 06 08
Potential / V vs. SMSE

Figure 3. Cyclic voltammograms of polycrystalline gold electrodes in the absence and the presence of
chloride ions and PEG. The scan rate was fixed at 80 mV s™*. The base solution was 0.54 M
HzSO4.

3.2. CV of Cl in the presence of Cu**

It is well known that chloride ions facilitate the reduction of Cu®* to Cu° through a change in
the electron transfer mechanism from an outer-sphere to an inner-sphere process [47]. In particular,
chloride ions enhance the exchange current density of the rate-determining step in Cu®* reduction (i.e.,
Cu?* + e~ = Cu*) [47]. The accelerating effect of chloride ions on Cu OPD also occurs during Cu UPD
[28, 30-35]. To easily and clearly identify and characterize the Cu UPD in CV, the single-crystal
Au(111) has been the most popular model electrode [24-31, 34, 35]. Two characteristic peaks of Cu
UPD on Au(111) that are always observed in CV have been attributed to the copper deposition in the
structure of V3xV3R30° and 1x1 [24-27]. On Au(110) and Au(100) electrodes, only a 1x1 copper
adlayer was observed by in situ scanning tunneling microscopy (STM) [26, 32, 33].

Cu UPD occurred on the polycrystalline Au electrode in a similar manner as on Au(111), as
shown in Fig. 4. Two peaks that are typical of Cu UPD in the absence of chloride ions, namely C; and
D, were observed and are shown in Fig. 4. The copper stripping peaks corresponding to C; and D are
denoted by C;’ and D’. These Cu UPD and stripping patterns observed by CV were similar to those
observed on the single-crystal gold electrodes with low and high indices [24-27, 36]. However, the
profiles of these peaks were much broader than those that occurred on Au(111l) because of the
polycrystalline electrode used in this case [25]. The C4/C;” and D/D’ peaks were assigned to the
deposition and stripping of copper adatoms with V3xV3R30° and 1x1 structures on Au(111) [24-27].
We did not assign the peaks to be V3xV3R30° and 1x1 structures but rather to be Phase | and Phase Il
because of the polycrystalline gold electrode. When 10 ppm CI™ ions were added to the electrolyte
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solution, the D/D’ peaks shrank, but the C1/C;’ peaks became larger, which indicates that a trace
amount of chloride ions promotes the copper atoms to be deposited preferentially on the Phase I
structure rather than on the Phase Il structure.
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Figure 4. Cyclic voltammograms of polycrystalline gold electrodes in the presence of different
chloride ion concentrations. The scan rate was fixed at 80 mV s™*. The base solution was 0.88
M CuSQO, and 0.54 M H,S0O.,.

This result was similar to the results obtained with the single-crystal gold electrodes and is
attributed to the phase transformation of the copper adlayer from the V3xV3R30° structure to a 5x5
structure on the Au(111) [28, 30, 31, 34, 35], from the 1x1 structure to a 2x1 structure on the Au(110)
[32] and from the 1x1 structure to a nx2 structure on the Au(100) [33].

The magnitude of the D/D’ peaks increased slightly with an increase in the chloride ion
concentration. On the contrary, the magnitude of the C,/C;’ peaks decreased with an increase in the
chloride ion concentration, and two symmetric and sharp shoulders, namely C, and C,’, emerged, as
shown in Fig. 4. It has been reported that the chloride ions could also adsorb on the gold electrodes in a
specific phase, depending on the crystalline orientation and electrode potential [48, 49]. When chloride
ions were present in the electrolyte solution, they induced copper atoms to be deposited in a different
specific phase which differed from the phase obtained in the chloride-free electrolyte solution [28, 30-
35]. The chloride-induced phase had an ordered adlayer superstructure, and its deposition and stripping
were reversible; therefore, two symmetric and sharp spikes were formed at a more positive potential in
the CV [28, 30-33]. The C,/C,’ peaks are attributed to the formation/dissolution of the chloride-
induced ordered adlayer. Their peak magnitudes decreased with an increase in the chloride ion
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concentration because the chloride ions also adsorbed on the gold surface and occupied adsorbing sites
[48, 49].

3.3. CV of PEG and Cl in the presence of Cu**

When both PEG and chloride ions were simultaneously present in the electrolyte solution,
interesting results occurred, as shown in Fig. 5.
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Figure 5. Cyclic voltammograms of polycrystalline gold electrodes in the presence of different
chloride ion concentrations and 200 ppm PEG. The scan rate was fixed at 80 mV s™*. The base
solution was 0.88 M CuSQO, and 0.54 M H,SO4.

The D/D’ peaks shrank significantly, and ultimately, the peak D’ disappeared. The C1/C;’ and
C./Cy’ peaks became larger and sharper when both PEG and chloride ions were present. In addition,
the magnitudes of the C;/C;> and CyC,’ peaks decreased with an increase in the chloride ion
concentration. These results conflict with the previous understanding that PEG-CI is a suppressor of
Cu OPD [10-17]. Figure 5 shows that PEG-CI is an accelerator for Cu UPD, suggesting that the
inhibiting mechanism of PEG-CI on Cu OPD does not apply to Cu UPD. Inversely, PEG-CI facilitated
Cu UPD at a more positive potential. The symmetric and sharp peaks, shown in Fig. 5, imply that more
ordered copper adatoms were formed on the polycrystalline gold electrode because of the presence of
PEG-CI, and the copper deposition and stripping processes were reversible.
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To characterize the accelerating effect of PEG-Cl on Cu UPD, several CV patterns are
summarized in Fig. 6. The D/D’ peaks only appeared in the absence of chloride ions, as illustrated by
curves (a) and (c) in Fig. 6.
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Figure 6. Cyclic voltammograms of polycrystalline gold electrodes in the absence and the presence of
chloride ions and PEG. The scan rate was fixed at 80 mV s™*. The base solution was 0.88 M
CuSO4 and 0.54 M H,SO,.



Int. J. Electrochem. Sci., Vol. 6, 2011 3424

In the presence of chloride ions, the D/D’ peaks shrank significantly, and the C1/C;’ and C,/Cy’
peaks became larger, demonstrating that chloride ions facilitated the Cu UPD at a more positive
potential. This facilitation of Cu UPD was further enhanced by adding PEG, as illustrated by curve (d)
in Fig. 6, which resulted in the enhancement of the C,/C;’ and C,/C;’ peaks. In addition, the formation
of the E/E’ shoulder, shown in Fig. 6, could be attributed to the shift of the D/D’ peaks towards a
positive potential, which was caused by the synergy between the PEG and chloride ions. In other
words, PEG-CI strongly enhanced the coverage of Cu UPD on the polycrystalline gold but did not
inhibit the Cu UPD.

According to the inhibiting mechanism of PEG-CI on Cu OPD, the suppressor is composed of
PEG-Cu*-CI™ [10, 16, 17]. The source of Cu” may have come one of the following reactions:

CuzJr(solution) + ei(power supply) — CLI+ (1)
CU** otution) + C 2Cu’
(solution) U(cathode) —> <L U (2)
CU(cathode) + CI_(solution) + Cu2+(solution) — CuCl + Cu” (3),

where reaction (1) is the electrochemical reduction of Cu®* on the copper cathode, reaction (2)
is the disproportional reaction of the copper cathode with Cu®* and reaction (3) is the surface corrosion
of the copper cathode by chloride ions. These three reactions did not exist in the current system
because the transition state of reaction (1) was skipped due to an inner-sphere electron transfer caused
by the chloride ions [47], and the cathode required for reactions (2) and (3) was a gold material, rather
than a copper material. Consequently, the suppressor, PEG-Cu*-CI~, could not form during Cu UPD on
the polycrystalline gold electrode. Instead, PEG-CI accelerated Cu UPD, which indicates that PEG did
not interact with chloride ions to form a blocking film on the polycrystalline gold electrode but
functioned as a wetting agent that was capable of attracting Cu®* ions. This attraction was caused by
the ether groups of PEG. The attracted Cu®* ions coming in contact with the chloride ions were
instantly reduced to be the adatoms. The Cu®* ions trapped by PEG-CI differed from the hydrated Cu®*
ions, and their electrochemical redox was thermodynamically preferential. The redox peaks, shown in
Fig. 6, were shifted toward a positive potential and enhanced relative to the case without PEG-CI. In
contrast with previous work [20], the so-called accelerator, bis(3-sulfopropyl)-disulfide (SPS),
inhibited Cu UPD but accelerated Cu OPD [50-52]. The additives’ roles were exchanged in Cu UPD
and OPD.

4. CONCLUSIONS

The effect of PEG-CI on Cu UPD on a polycrystalline gold electrode was characterized using
CV. Chloride ions alone facilitated the Cu UPD at a more positive potential, and PEG alone did not
significantly affect the Cu UPD. The interaction of PEG with CI, which has been demonstrated to be a
strong inhibiting agent for Cu OPD, did not inhibit Cu UPD but inversely facilitated more Cu?* ions to
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be deposited at a more positive potential, causing a significant shift and enhancement in the CV peaks.
The acceleration of Cu UPD by the chloride ions caused by the addition of PEG was attributed to the
wetting of PEG on the cathodic surface and the attraction of PEG to Cu®* ions. The interaction of PEG
with chloride ions changed the thermodynamic status of the trapped Cu?* ions, which were easily and
reversibly deposited and stripped at a more positive potential.
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