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Cyclic voltammetry stripping (CVS) has been regarded as a powerful tool for monitoring the concentrations of organic additives
in plating baths. In this study, the dilution titration (DT) method of CVS was modified to improve the measurement accuracy of
thiourea (TU) concentrations in Cu plating baths. The conventional DT-CVS method cannot guarantee high accuracy because the
electrochemical behavior of TU is concentration and potential dependent, which can cause disturbances in the response signals. In this
study, by adding polyethylene glycol (PEG) as an organic additive, the undesirable electrochemical behavior of TU was suppressed
and the accuracy of DT-CVS was greatly improved. Using the improved method, the concentrations of TU and its derivatives in the
plating bath were measured. The errors between the real and measured concentrations were reduced from 15.0%, 36.0%, and 15.0%
using the conventional DT-CVS method to within 3.00%, 6.00%, and 6.00% for TU, N-ethyl thiourea, and N′,N-diethyl thiourea,
respectively, using the improved method.
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Organic additives are important constituents of the electroplat-
ing baths owing to their ability to control the morphology and the
film properties of the plated material.1–17 The organic additives are
typically grouped into suppressors, accelerators, and levelers, based
on their roles and functionality.1–17 Examples of organic additives
in electroplating baths include bis(3-sulfopropyl) disulfide, polyethy-
lene glycol (PEG), janus green b (JGB), polyethylene imine (PEI),
1,2,3-benzotriazole (BTA), and thiourea (TU).1,2,6–13,18–29

TU is a common additive in Cu and Ag electrodeposition baths
and induces leveling and grain refining properties.18–26 TU has been
used as an additive either solely or in combination with Cl− (TU-Cl−)
in baths used for electrodeposition processes involving various cur-
rent/potential waveforms such as direct current, pulse-, or pulse-
reverse waveforms.20,21,23,24 Various applications of TU as an addi-
tive have been studied, including the formation of the Cu twin, Ag
superfilling, and the fabrication of CuS nanowire structures.18,19,23–26

TU is known to form thiolate complexes such as [Cu-(TU)]2+,
[Cu-TU]+, and [Cu-(TU)2]2+ with Cu2+ ions in acidic Cu plating
solutions.20–29 Additionally, TU can be oxidized to formamidine disul-
fide (FDS), which forms other thiolate complexes with Cu+ and Cu2+

ions.27–29 Owing to the various derivatives and their different elec-
trochemical responses, TU shows unique electrochemical behavior
unlike typical suppressors or levelers. Although TU commonly re-
duces the Cu deposition rate, it often acts in an opposite role as an
accelerator under specific conditions such as low concentrations and
low overpotentials.27–29 Several mechanisms explaining the accelerat-
ing effect of TU have been proposed.27–29

Generally, the reduction of Cu2+ occurs in two steps, namely the
reduction of Cu2+ to Cu+, followed by the reduction of Cu+ to Cu0.
The first step has been known to be the rate-determining step. In the
presence of TU, however, additional reactions occur, as described in
Eq. 1.27–29

2Cu2+ + 2TU ↔ 2Cu+ + FDS + 2H+ [1]

Kim et al. reported the accelerating effect of derivatized TU on Cu
electrodes.27 Wang et al. observed the acceleration effect of TU at low
concentrations (below 5 ppm), and explained it based on the relatively
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higher concentration of [Cu-FDS]+ compared to [Cu-TU]+ on the
Cu surface.28 Suarez et al. also suggested that the predominance of
[Cu-FDS]+ over [Cu-(TU)]+ and [Cu-(TU)]2+ at low overpoten-
tials/low concentrations caused the accelerating effect.29 They ex-
plained that the chain reaction involving the reaction described by
Eq. 1, the reduction of Cu+ to Cu0, and the reduction of FDS to TU
was stimulated at low overpotentials/low concentrations.29

During electrolysis, the concentrations of the organic additives
gradually decrease due to the physical incorporation of the addi-
tives in the Cu deposit and chemical/electrochemical decomposition
reactions.30–44 Since the properties of the plated films strongly depend
on the concentrations of the organic additives, the performance of the
plating solution gradually degrades upon continued use of the plating
solution.

For this reason, systems to monitor and control the concentration
of the additives have to be installed. Various methods have been
developed for monitoring the additive concentrations, including
electrochemical techniques such as cyclic voltammetry stripping
(CVS) and cyclic pulse voltammetry stripping (CPVS),31,45–47

and spectroscopic methods such as nuclear magnetic resonance
(NMR),30–33 UV-visible spectroscopy,34,35 mass spectroscopy,36–38

and chromatography.39,40 Among these, CVS and CPVS have been
regarded as the most powerful tools because of their simplicity
and sensitivity. However, disadvantages of these methods such as
the inability to quantify the concentrations of the decomposition
by-products and the electrochemically-inactive compounds, have
been pointed out.31 Moreover, the electrochemical responses of the
by-products interfere with the CVS signal of the original components,
causing a discrepancy between the real and measured values.31

On the other hand, while spectroscopic methods provide detailed
information about the by-products and the electrochemically-inactive
compounds in the plating bath, they sometimes require additional
pretreatments, which are often time consuming and costly.30–33,39,40

In the case of CVS, several analysis techniques such as dilution
titration (DT), modified linear approximation technique (MLAT), and
response curves (RC) are applied to determine the suppressor, accel-
erator, and leveler concentrations, respectively.47,48 In DT-CVS, the
suppressor concentration in the target plating solution is determined
by the following procedures, namely (1) measurement of the stripping
charge (Qbase) by CVS of an additive-free plating solution, named as
base solution, (2) addition of a small amount of the target plating
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solution into the base solution, (3) measurement of the normalized
stripping charge (Q/Qbase) by CVS of the mixture, (4) repetition of
procedures (2)-(3) until Q/Qbase reaches an end point, referred to as
the evaluation ratio which is a predetermined value for titration cal-
culation, and (5) measurement of the volume of the target plating
solution at the specific evaluation ratio. Above procedures are identi-
cally applied to the standard solution, in which the concentration of
suppressor is tightly controlled to make the standard curve (calibra-
tion curve) of Q/Qbase as a function of suppressor concentration. By
comparing the volume of the target solution with that of a standard
solution at the evaluation ratio, the suppressor concentration of the
target solution can be determined, from the basic titration formula
shown in Eq. 249–4.50

C = C′ [at evaluation ratio] [2]

C = C′ = VpCp

Vbase + Vp
= VSCS

Vbase + VS
[3]

CP = VSCS

Vbase + VS

Vbase + Vp

VP
[4]

In the above equation, C is the concentration of suppressor in (target
+ base) mixture, C′ is the concentration of suppressor in (standard +
base) mixture, Vbase is the volume of the base solution, Vs is the volume
of the standard solution at the evaluation ratio, Vp is the volume of
the target solution at the evaluation ratio, Cs is the concentration of
the suppressor in the standard solution, and Cp is the concentration of
the suppressor in the target solution.

Monitoring tools to determine TU concentrations in aqueous
medium have been extensively studies elsewhere in purpose of ap-
plication to the environmental and industrial issues.51–53 One of the
approaches included the electrochemical method based on the re-
dox reactions between TU and FDS.51 However, the application of
electrochemical methods on the quantification of TU in Cu plating
solution have been rarely reported in spite of focused researches on
the behavior of TU.18–29 The scarcity of literature on electrochemical
monitoring methods for TU in particular is probably due to the unique
electrochemical behavior of TU, resulting from its various reduced
species and their different electrochemical responses depending on
the TU concentration and the applied potential. Owing to the interfer-
ence from the reduced species, it appears that conventional DT-CVS
is unsuitable as a monitoring tool for determining the TU concentra-
tions. Therefore, in this study, DT-CVS was modified to improve the
accuracy of the measured TU concentrations in Cu plating baths by
adding PEG into the base solution, in order to suppress the undesired
electrochemical behavior of TU and its reduced species.

Experimental

Figure 1 shows the experimental set-up used in this study. Cu
plating solutions consisting of 0.25 M CuSO4, 1.0 M H2SO4, and
0∼1.5 mM TU were used for the CVS and UV-visible spectroscopy
experiments. UV-visible spectroscopic measurements (Thermo,
Genesys-10) were carried out using deionized water as a blank so-
lution.

CVS (Metrohm, 797A Computrace) was carried out in order to
observe the electrochemical response of TU and to measure the nor-
malized stripping charge (Q/Qbase). The standard Cu plating solution
containing 0.25 M CuSO4, 1.0 M H2SO4, and 1.4 mM TU was period-
ically added to the base solution. The volume of the base solution was
50 mL and the standard solution was periodically added in doses of
0.05 mL. CVS was carried out after each addition, to obtain the strip-
ping charges, which were normalized as (Q/Qbase), where Qbase was the
stripping charge of the base solution. As shown in Figure 1, two types
of base solutions were used in the CVS analyses. The conventional
base solution, referred to as base solution 1 (BS1) was composed of
0.25 M CuSO4, 1.0 M H2SO4, and 1.0 mM NaCl, whereas the mod-
ified base solution (BS2) was composed of 0.25 M CuSO4, 1.0 M

Figure 1. Schematic diagram of the experimental setup.

H2SO4, 1.0 mM NaCl, and 90 μM PEG with a molecular weight of
3400.

The electrochemical cell for CVS was composed of a Pt rotating
disk electrode (RDE) with an active area of 3.14 mm2, which acted
as the cathode, a Pt rod anode, and an Ag/AgCl [sat. KCl] refer-
ence electrode. The rotation speed of the Pt RDE during CVS was
fixed at 2000 rpm, which is aimed to support mass transport of TU
to the electrode surface, thereby enhancing the inhibiting ability of
TU.54 The voltammograms were obtained with a potential range from
1.575 V to the cathodic vertex potential (−0.1 V∼−0.4 V) with a
scan rate of 0.1 V/s.

The influence of the molecular weight of PEG on the CVS re-
sults was also studied. A small volume of the standard solution
(0.05 mL) containing 0.25 M CuSO4, 1.0 M H2SO4, and 1.4 mM
TU was periodically added to BS2 solutions (50 mL) containing PEG
with molecular weights of 1050 Da, 1500 Da, 3400 Da, and 8000 Da.
CVS was carried out after every addition and the stripping charges
were obtained. Cathodic vertex potentials for the analyses were fixed
at −0.3 V.

Plots of Q/Qbase as a function of TU-derivative concentration were
obtained for TU-derivatives such as N-ethyl thiourea (ETU) and N′,N-
diethyl thiourea (DETU). Small volumes of the standard solutions
(0.05 mL) containing 0.25 M CuSO4, 1.0 M H2SO4, and 1.4 mM TU-
derivatives were periodically added to either BS1 or BS2 solutions
(50 mL). The cathodic vertex potentials for the analyses were fixed
at −0.3 V.

The accuracy of DT-CVS was evaluated by comparing the real
and measured values of the concentrations of the TU-derivatives.
Standard solutions comprising of 0.25 M CuSO4, 1.0 M H2SO4, and
1.4 mM TU-derivatives were used to generate the calibration curve.
The evaluation ratios were 0.8 and 0.6 for BS1 and BS2, respectively
and the cathodic vertex potential for the analyses was fixed at −0.3 V.
Using the calibration curve, the concentrations of the TU-derivatives
in target solution in the range of 0.7–1.4 mM were measured and
compared with the real values.

Results and Discussion

UV-visible spectroscopy was applied for the quantification of TU
concentrations in Cu plating solutions. Figure 2a presents the UV-
visible spectra of Cu plating solutions containing 0–1.5 mM TU. As
shown in Figure 2a, the Cu plating solutions containing TU exhibited
peaks at 200–300 nm and 340 nm. The former peak resulted from
the Cu2+ in the plating solution and appeared to have an abnormal
shape, since the absorbance exceeded the upper detection limit, owing
to the high concentration of Cu2+ in the plating solution. Considering
the spectra of the individual components, the peak of pure TU was
supposed to be at 235 nm. However, this peak was excluded from the
analysis because it was buried under the large peak of Cu2+.
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Figure 2. UV-visible spectra of the plating solutions containing various con-
centrations of (a) TU and (b) CuSO4. The absorbance at 340 nm at various TU
concentrations is shown in (c).

Meanwhile, the intensity of the peak at 340 nm initially increased
with TU concentration, and subsequently almost converged when the
TU concentration was over 0.6 mM. The peak at 340 nm is known to
originate from the d-orbital splitting of Cu2+, during the formation of
the [Cu-(TU)]2+ complex.55,56 As shown in Figure 2b, the absorbance
increased as the Cu2+ concentration increased, confirming that the
peak at 340 nm originated from the [Cu-(TU)]2+ complex. The equi-
librium among Cu2+, TU, and the [Cu-(TU)]2+ complex is described
by Eqs. 5 and 655,56

Cu2+ + TU ↔ [Cu − TU]2+ [5]

K = [Cu − Tu]2+
[
Cu2+]

[TU]
[6]

where K is the equilibrium constant. Figure 2c shows the absorbance
at 340 nm as a function of the TU and Cu2+ concentrations. As shown
in the figure, the absorbance at 340 nm increased with an increase in
the concentrations of TU and Cu2+, owing to the equilibrium reaction
described in Eq. 5.

When the concentration of Cu2+ is significantly higher than that of
TU, and the [Cu-TU]2+ is the sole complex formed, the approximate
relationship between the absorbance and the concentration of TU can
be expressed by Eq. 7.55

[TU]0

A
= 1

εbK[Cu2+]0
+ 1

εb
[7]

Here, A is absorbance, ε is molar absorptivity, b is the cell length,
[Cu2+]0 is the bulk concentration of Cu2+, and [TU]0 is the bulk con-
centration of TU. According to this equation, the absorbance and the
concentration of TU are directly proportional to each other. How-
ever, as shown in Figure 2c and as reported in the literature,55 the
relationship between the absorbance and the concentration of TU is
non-linear, implying that there is a mismatch between the assump-
tion made in arriving at Eq. 7 and the experimental results obtained.
A possible explanation for the discrepancy could be the formation
of another complex with a higher coordination number such as [Cu-
(TU)n]2+.55 Based on these results, it appeared that monitoring the
TU concentration with UV-visible spectroscopy is effective only in
limited concentration ranges.

DT-CVS was also applied for the analysis of TU concentrations
in Cu plating solutions. Prior to the application of DT-CVS, the elec-
trochemical responses of TU were studied. Figures 3a–3c present the
CVS results in BS1 as the function of TU concentration. As shown in
the figures, the addition of TU led to a slight decrease in the current
density at all vertex potential values. The inhibition effect was asso-
ciated with the adsorption of TU on the active sites of the Cu surface.
Due to the inhibition effect of TU, the normalized stripping charge
(Q/Qbase) decreased with TU concentration, as presented in Figure 3d.
The figure revealed that the absolute slope of the plot of Q/Qbase versus
TU concentration decreased as the vertex potential shifted negatively.
This tendency appears to be related to the potential-dependent ad-
sorption of TU.57–61 It is known that the surface coverage of TU
decreases as the cathodic overpotential increases because of hydrogen
evolution,57 TU decomposition,58 and the electrical repulsion force
between TU and the substrate.59 It appears that the low surface cov-
erage of TU at high overpotentials reduces the difference between Q
and Qbase, resulting in the decrease in the slope of the plot of Q/Qbase.

However, as shown in Figure 3d, the value of Q/Qbase exceeded 1
at low TU concentrations and less negative vertex potentials, where
the acceleration effect dominated the inhibition effect. In addition,
Q/Qbase decreased non-linearly at less negative vertex potentials (e.g.,
−0.10 V and −0.15 V). These results revealed the limitations of
conventional DT-CVS for the determination of TU concentrations,
namely a non-linear Q/Qbase drop at less negative vertex potentials
and relatively low TU concentrations due to the acceleration effect of
TU and a less steep Q/Qbase drop at highly negative vertex potentials
as a result of the low surface coverage of TU.

It is expected that the elimination of the undesirable accelerating
effect may contribute to an improvement in the linearity and the steep-
ness of the Q/Qbase drop in the DT-CVS analysis. One possible solution
is the addition of PEG to the base solution, since PEG can suppress
the accelerating effects by forming a PEG-Cu+-Cl− complex2,62–64 on
the Cu surface. Figures 4a–4d show the CVS results and the corre-
sponding Q/Qbase plot in the BS2 solution. As shown in the figures, the
current density and the corresponding stripping charge of the base so-
lution (Qbase) was significantly reduced in BS2 owing to the inhibition
effect induced by the PEG-Cu+-Cl− complex. Meanwhile, as shown
in Figure 4d, the use of BS2 resulted in a linear and steep Q/Qbase drop
even at highly negative vertex potentials. Note that an unusual Q/Qbase

drop behavior at the vertex potential of −0.2 V might originate from

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 49.247.202.102Downloaded on 2019-09-02 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 162 (4) H294-H300 (2015) H297

Figure 3. Voltammograms for Cu electrodeposition in BS1 solutions containing various concentrations of TU. (Note that the concentrations of TU are calculated
after each additions of standard solutions into 50 mL base solution.) The vertex potentials are (a) −0.25 V, (b) −0.30 V, and (c) −0.35 V. The normalized stripping
charges are shown in (d).

Figure 4. Voltammograms for Cu electrodeposition in BS2 solutions containing various concentrations of TU. (Note that the concentrations of TU are calculated
after each additions of standard solutions into 50 mL base solution.) The vertex potentials are (a) −0.25 V, (b) −0.3 V, and (c) −0.35 V. The normalized stripping
charges are shown in (d).
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the saturation of the TU adsorption sites due to the high coverage of
PEG. In addition, the acceleration effect from TU clearly disappeared
even at low concentrations. Therefore, the linear and steep Q/Qbase

drop appears to be related to the diminished acceleration effect due to
the formation of PEG-Cu+-Cl− on the Cu surface.

Another possibility is the suppression of TU desorption by the
added PEG. Unlike the case of BS1, the slopes of the plots of Q/Qbase

versus TU concentration in the case of BS2 remained high even at
very negative vertex potentials (Figure 4d). For confirmation, an ad-
ditional CVS analysis was carried out with a high concentration of
TU, and the results are presented in Figure 5. As shown in Figure 5a,
the suppression of Cu plating by TU appears to be effective only in
the range of OCP∼−0.2 V. At potentials more negative than −0.2 V,
the current densities obtained from BS1+16.8 μM TU became com-
parable with that from BS1, implying that most of the TU desorbed
from the electrodes. Likewise, when the vertex potential was more
negative than −0.2 V, the current densities obtained from BS1+16.8
μM TU were almost the same with that from BS1 in the reverse scan,
generating a hysteresis curve. The hysteresis curve generated by the
sole action of the suppressor has been explained based on the delay
between the desorption and the re-adsorption of the suppressor on
the Cu surface.62 As shown in Figure 5a, a hysteresis related to the
desorption of TU was clearly observed for vertex potentials of −0.2
V and −0.3 V, whereas it was insignificant for a vertex potential of
−0.1 V. However, in the case of BS2 (i.e., the solution containing
PEG), while the hysteresis was not clear even at the vertex potential
of −0.3 V, it became apparent at the vertex potential of −0.4 V, indi-
cating that the desorption of TU was suppressed by PEG. (Figure 5b)

The influence of the molecular weight of PEG in the BS2 solu-
tion was studied next. Figures 6a–6e present the CVS results and the

Figure 5. Voltammograms for Cu electrodeposition with various vertex po-
tentials in (a) BS1 and (b) BS2 base solutions.

Figure 6. Voltammograms for Cu electrodeposition in
BS2 solutions containing PEG with molecular weights of
(a) 1050 Da, (b) 1500 Da, (c) 3400 Da, and (d) 8000 Da.
(Note that the concentrations of TU are calculated after each
additions of standard solutions into 50 mL base solution.)
The normalized stripping charges are shown in (e).
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Figure 7. Normalized stripping charges as a function of the concentrations of
TU-derivatives in (a) BS1 and (b) BS2 base solutions.

corresponding Q/Qbase plot obtained in BS2 solutions containing PEG
with various molecular weights. As shown in Figures 6a–6d, the hys-
teresis curve was clearly seen in the cases of low molecular weight
PEG (i.e., for PEG with molecular weights of 1050 Da and 1500
Da), whereas it was insignificant in the case of high molecular weight
PEG. This implied that PEG with high molecular weights suppressed
either the accelerating effects of TU or the TU desorption itself, more
strongly than PEG with low molecular weights. Consequently, the
absolute slope of the plot of Q/Qbase versus TU concentration in-
creased with the molecular weight of PEG, as seen in Figure 6e. S.
Verma et al. reported that TU and PEG could form PEG-embedded
TU complex structures.65 The binding force between TU and PEG
could retard the desorption of TU from PEG-covered Cu. Likewise,
since the adsorption strength of PEG on the Cu surface increased with
molecular weight,66,67 high-molecular-weight PEG could effectively
suppress the desorption of TU.

In order to assess the suitability of this modification for monitoring
the concentrations of the derivatives of TU; ETU, and DETU, the
Q/Qbase plots of TU, ETU, and DETU were obtained using either BS1
or BS2 as the base solutions. Figure 7 revealed that the slope of the
Q/Qbase plot in the case of BS2 was always higher than that in the
case of BS1, regardless of the additives. Meanwhile, the slopes of the
Q/Qbase plots for the three cases were indistinguishable in the case of
BS1, whereas the slopes showed differences according to the number
of ethyl groups in the case of BS2. This effect probably came from
the steric hindrance of the TU-derivatives during their adsorption on
the PEG-covered Cu surface or the difference in the binding force
between PEG and the TU-derivatives.

Based on the previous experiments, the concentrations of TU and
its derivatives in plating solutions were measured by DT-CVS using
either BS1 or BS2 as the base solution. Table I shows the difference
between the real and measured concentrations of the TU-derivatives.
As shown in Table I, when BS2 was used, the errors between the real
and measured concentrations were within 3.00%, 6.00%, and 6.00%
for TU, ETU, and DETU, respectively, whereas the errors were origi-
nally about 15.0%, 36.0%, and 15.0% for TU, ETU, and DETU when
BS1 was used. The improvement in the measurements could be as-
cribed to the linear and steep Q/Qbase drop in BS2 solution. This result
demonstrated that the addition of PEG into the base solution enables
precise quantification of the concentrations of the TU-derivatives us-
ing DT-CVS.

Conclusions

In this study, UV-visible spectroscopy and DT-CVS were applied
for the quantification of TU concentrations in acidic Cu plating baths.
The results of UV-visible spectroscopy indicated that although a peak
related to the [Cu-TU]2+ complex was clearly seen at 340 nm, the peak
intensity non-linearly increased with TU concentrations because of
the formation of another complex with a higher coordination number.
The conventional DT-CVS cannot guarantee high accuracy because
the electrochemical behavior of TU is concentration- and potential-
dependent, which can cause disturbances in the response signals. In
order to resolve this problem, a modified base solution containing PEG
was used for the DT-CVS analysis, which led to a steep and stable drop
in Q/Qbase per unit concentration of TU, ETU, and DETU. The distin-
guishable and stable Q/Qbase drop with the modified base solution was
due to the elimination of the undesirable electrochemical behaviors
of the TU-related species, by the addition of PEG. With this modified
method, we have demonstrated an improvement in the accuracy of
DT-CVS in determining the concentrations of TU-derivatives.
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