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ABSTRACT

Three electrochemical methods used to detect organic additives, A, B and C, in acidic plating baths.
Cyclic voltammetric stripping (CVS) is used in industry to detect the concentration of organic
additives indirectly by measuring the effect of commercial organic additives on the rate of copper
deposition. This study directly determines the concentration of organic additives on a screen-printed
nano-Au electrode at high potential using three different electrochemical methods: linear scanning
voltammetry (LSV), differential pulse voltammetry (DPV) and square wave voltammetry (SWV). The
results show that the response currents for the three electrochemical methods exhibit a linear
relationship with the concentration of organic additives. The nano-Au electrode is the most sensitive
device for the detection of organic additive B using LSV.
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1. INTRODUCTION

The printed circuit board (PCB) industry
produces a small number of products and has
diverse production patterns. The industry is
actively leading the way in the development of
smart factories to evolve from an automated
production pattern of large-scale batch
production to intelligent and flexible adjustment
of production. The wet process for a PCB

production  line, including electroplating,
stamping, exposure and etching, is a key
element of the entre PCB process. An

electroplating production line involves the most
important process. A traditional plating
production line uses a basic plating solution, to
which a variety of organic additives is added [1].
The copper electroplating solution is mainly
composed of copper sulfate, sulfuric acid,
hydrochloric acid and organic additives. The
organic additives consist of accelerators [2-3],
suppressors [4-5] and levelers [6-7]. Three types
of organic additives enhance chemical reactions,
improve surface deposition increase the
uniformity of thickness and enhance filling with
high aspect ratio features and improve the
overall plating [8-11]. Sulfuric acid is used as a
highly conductive electrolyte and chloride ions
improve the performance of additives. The
organic additives are added to the plating
solution at a low concentration, which is usually
calculated in parts per million (ppm). It is
necessary to maintain a low concentration of
organic additives to achieve the desired
deposition behavior and the required metal
properties [12-15].

Industry usually measures the concentration of
organic additives offline and then adjusts the
process parameters for a product using this
measurement data to meet product quality
requirements. However, the measurement
process is time-consuming and cannot be
monitored and fed back in real time so
production line machines are used to add and
adjust the concentration of additives. This time-
consuming and inconvenient measurement
means that PCB manufacturers use loose upper
and lower limits for statistical process control and
experience is used to adjust the plating current
and plating time for production control.

This study develops a highly sensitive sensor for
the detection of organic additives to allow the
detection of organic additives for plating
production lines. Currently, cyclic voltammetric
stripping (CVS) is s used to measure the
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oxidation peak of copper indirectly to detect the
concentration of organic additives [16-17]. Xie et
al. [18] used CVS with a microelectrode and
found that the microelectrode can replace a
traditional rotating electrode to monitor the
concentration of copper ions and organic
additives in metal plating solutions. Ellis et al.
[19] developed a new set of analysis methods
using a reduced number of steps and artificial
neural networks. This study respectively predicts
the concentrations of accelerator, suppressor
and leveler to within 0.5%, 2.7% and 0.12% [19].
Choe et al. [20] devised a modified CVS method
to measure the concentration of bis-(sulfopropyl)
disulfide (SPS) and 3-mercapoto-1-propane
sulfonate (MPS) in Cu plating solutions. A two-
step CVS analysis determines the total
accelerator concentration and conversion ratio.
The modified method allows measurement of the
SPS concentration with less than 10% error [20].
lodine ions are used as a leveling agent in the
copper plating process. Yoon et al [21]
conducted a responsive curve RC-CVS analysis
under optimized conditions and determined that
there is a linear relationship between the real and
measured concentration of I-.

Detecting the concentration of organic additives
in the plating solution quickly and accurately is a
challenging problem for industry. Some methods
accurately quantify the concentration of organic
additives on the production line, so this study
develops a method to directly measure the
concentration of organic additives. To avoid the
potential window range for copper ion deposition
or stripping, a high potential is used to directly
oxidize the organic additives. This study uses
three electrochemical methods (LSV, DPV and
SWV) to measure the concentration of organic
additives in copper plating at high potential. The
nano-gold electrode is a highly sensitive
device for the detection of organic additives A, B
and C.

2. MATERIALS AND METHODS

2.1 Electrode Preparation

The screen-printed nano-Au electrode was
purchased from Vida BioTechnology Co and was
used as the working electrode. The surface
morphology of the nano-Au electrode was
determined using a scanning electron
microscope (SEM, HITACHI S-4800). X-ray
diffraction (XRD, Bruker D8 Discover) was
used to identify the structure of the nano-Au
electrode.



2.2 Electrochemical Analyses

A cyclic voltammogram (CV) performed using an
electrochemical analyzer system (SP-240, Bio-
Logic Science Instruments, CH) was used to
determine the electrochemical behavior of the
nano-Au electrode in the presence and absence
of organic additives in a 50-mL vessel with an
electrolyte consisting of 2.14 M H2SO0a, 4.6x10
M HCI and 0.395 M CuSOs4. The organic
additives, A, B and C were provided by Unitech
Company and are inhibitors, accelerators and
levelers, respectively. A three-electrode cell used
a Pt counter electrode (CE), an Ag/AgCI
reference electrode (3.5 M NaCl) and a working
electrode (WE) with an exposed area of 0.196
cm?, The solution was composed of 2.14 M
H2SO4, 4.6x10* M HCI and 0.395 M
CuSO04+5H20. The concentration of the organic
additives A, B, C that was added to the solution
was determined evaluated using LSV, DPV and
SWV. A scan rate of 10 mV/s was used for the
LSV measurement. The DPV measurement
parameters were: 50 mV modulation amplitude,
0.2 s modulation time and a scan rate of 10
mV/s. The SWV was recorded using a frequency
of 10 Hz, a potential increment of 4 mV and an
amplitude of 50 mV.

3. RESULTS AND DISCUSSION

3.1 CVs for the Nano-Au electrodes in the
Absence and Presence of Organic
Additives

Fig. 1 shows CVs for nano-Au electrodes at
potentials from 0.4 to 1.6 V vs Ag/AgCl in
different electrolytes. To confirm the potential for
copper ion deposition and copper metal stripping,
the CVs for nano-Au electrodes in the presence
and absence of 0.395 M CuSO4*5H20 are shown
in Fig. 1(a). In the absence of copper ions, there
are two oxidation peaks at about 1.25 and 1.45 V
vs Ag/AgCl, which correspond to gold
(hydr)oxides formation, which is consistent with
previous reports [22]. There are two reduction
peaks in the reverse scan at 1.05 and 0.83 V vs
Ag/AgCI, which correspond to the reduction of
gold (hydr)oxides to Au [22]. In the presence of
0.4 M copper ions, copper ions are deposited at
a potential of 0.65 to 0.45 V vs Ag/AgCl and
copper stripping peaks are observed at a
potential of 0.45 to 0.65 V vs Ag/AgCl. The
presence of copper ions does not affect the
electrochemical (EC) behavior of the nano-Au
electrode at a potential of more than 0.65 V vs
Ag/AgCl.
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Fig. 1(b) shows CVs for a nano-Au electrode in
the presence and absence of 375 pL of organic
additive A. The current increases significantly at
a potential of 1.15 V and 1.45 V vs Ag/AgCl,
indicating that the organic additive A is adsorbed
and oxidized on the surface of the nano-gold
electrode at a high potential. When the potential
is scan reversed, the reduction peak current also
increases, which shows that the oxidation
product of the additive A is reduced. The CVs for
a nano-Au electrode in the presence and
absence of 12.5 pL of organic additive B are
shown in Fig. 1(c). The electrochemical behavior
of organic additive B is similar to that for organic
additive A. The oxidation current
increases significantly at 1.15 V and 1.45 V vs
Ag/AgCI.

Fig. 1(d) shows CVs for a nano-Au electrode in
the presence and absence of 30 uL of organic
additive C. If organic additive C is added to the
solution, there is an obvious oxidation current at
1.15 V and 1.45 V vs Ag/AgCl so a high applied
potential range is used for the detection of
organic additives. In the following discussion,
LSV, DPV and SWYV are used to detect organic
additives separately.

3.2 LSVs for the nano-Au Electrodes for
the Detection of Organic Additives

LSVs were used to detect the organic additives
A, B, and C and the results are shown in Fig. 2.
The range of concentrations of organic additives
for this study is determined according to the real
operating conditions for the copper plating plant
of the Unitech Company in Taiwan. Fig. 2(a)
shows LSVs for a nano-Au electrode in the
presence of organic additive A at a concentration
from O to 300 pL. 50 pL of organic additive A was
added to the electrolyte for each experiment. The
oxidation peak at 1.45 V vs Ag/AgCl is obvious.
The oxidation current increases as concentration
of organic additive A increases.

There is a linear relationship between the
concentration of organic additive A and the
response current, as shown in Fig. 2(d) (black
line). The gradient represents the sensitivity. The
sensitivity for the detection of organic additive A
is 0.0046 pA/uL-cm? (R? = 0.98). Fig. 2(b) shows
LSVs in the presence of organic additive B for a
concentration from 0 to 24 pL. 4 pL of organic
additive B was added to the electrolyte for each
experiment. There are two oxidation peaks at
1.15 and 1.35 V vs Ag/AgCI. The peak current is
proportional to the concentration of organic



additive B. The sensitivity for the detection of
organic additive B at 1.35 V vs Ag/AgCl is 0.92
MA/uL-cm? (R? = 0.996, red line).

Fig. 2(c) shows LSVs in the presence of organic
additive C at a concentration from 0 to 30 pL. 5
ML of organic additive C was added to the
electrolyte for each experiment. The oxidation
peak current at 1.45 V vs Ag/AgCl increases
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significantly if the concentration of organic
additive C increases. The sensitivity for the
detection of organic additive C is 0.15 pA/uL-cm?
(R? 0.98, blue Iline). A comparison
of the concentration calibration curves for the
detection of organic additives A, B, and C is
shown in Fig. 2(d). The order of sensitivity
for the detection of organic additives is B > C >
A.

“os 09 12 s

Potential (V) vs. Ag/AgCl

0.3

Fig. 1. Cyclic Voltammograms fore nano-Au electrodes in the presence and absence of (a)
0.395 M copper ions, (b) 375 4L A, (c) 12.5 uL B and (d) 30 uL C in 2.14 M HSOy4, 4.6x10* M HCI
and 0.395 M CuSOQO4*5H,0 solutions
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Fig. 2. The Linear Sweep Voltammetry curves for nano-Au electrodes in electrolyte with (a) 0 ~
300 yL A (b) 0 ~24 uL B (c) 0 ~ 30 L C and (d) a comparison of the sensitivity linearity of three
additives, A, B and C, in 2.14 M H;SOy4, 4.6x10% M HCI and 0.395 M CuSQO4*5H,0 solutions
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3.3 DPVs for Nano-Au electrodes for the
Detection of Organic Additives

DPVs were used to detect organic additives A, B,
and C and the results are shown in Fig. 3. Fig.
3(a) shows the DPVs for the detection of organic
additive A at a concentration from 0 to 300 pL.
There are two obvious oxidation peaks at 1.15
and 1.31 V vs. Ag/AgCl. The oxidation peak
current increases as the concentration of organic
additive A increases. The second oxidation peak
current varies more significantly with the
concentration of organic additive A than the first
oxidation peak current.

The plot of peak current at 1.31 V vs. Ag/AgCI
against the concentration of organic additive A is
shown in Fig. 3(d) (black line). The sensitivity for
the detection of organic additive A is 0.0008
MA/uL-cm? (R? = 0.93). Fig. 3 (b) shows DPVs for
the detection concentrations of organic additive B
from O to 24 uL. 4 pL of organic additive B was
added each time. The results are similar to those
for the detection of organic additive A. At 1.31 V
vs. Ag / AgCl, there is a linear relationship
between the oxidation peak and the
concentration of organic additive B, as shown in
Fig. 3(d) (red line). The sensitivity for the
detection of organic additve B is 0.2636
MA/UL-cm? (R2 = 0.988).

Fig. 3 (c¢) shows DPVs for the detection of
organic additive C at a concentration from 0 to 30
puL. 5 uL of organic additive C was added each
time. The sensitivity for the detection of organic
additive C at 1.31 V vs. Ag/AgCl is 0.065
MA/uL-cm? (RZ = 0.902). Fig. 3(d) compares the
concentration calibration curves for the detection
of organic additives A, B and C. The sensitivity
for the detection of organic additive B is highest.
Compared with the LSV in Fig. 2, the first
oxidation peak for the detection of organic
additives is higher for DPV. However, the
sensitivity for the detection of organic additives at
1.31 V is higher for LSV than for DPV.

3.4 SWVs for Nano-Au electrodes for the
Detection of Organic Additives

SWVs were used to detect organic additives A,
B, and C and results are shown in Fig. 4. Fig.
4(a) shows SWVs for the detection of organic
additive A at a concentration from 0 to 300 pL.
50 uL of A was added to the electrolyte each
time. There are two obvious oxidation peaks at
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1.06 V and 1.31 V vs. Ag/AgCl. At these two
applied potentials, there is a linear relationship
between the concentration of organic additive A
and the response current. The concentration
calibration curves these two oxidation peaks are
shown in Fig. 4(d) (black lines). The sensitivity
for the detection of organic additive A is 0.0014
(R? = 0.97) and 0.0014 pA/uL-cm? (R? = 0.961)
at applied potentials of 1.06 V and 1.31 V vs
Ag/AgCI, respectively.

Fig. 4 (b) shows SWVs for the detection of
organic additive B at a concentration from 0 to 24
pL B. 4 pL of organic additive B was added each
time. There are two obvious oxidation peaks at
1.06 V and 1.26 V vs Ag/AgCI. The concentration
calibration curves for the two oxidation peaks for
the detection of organic additive B are plotted in
Fig. 4(d) (red lines). The sensitivity is 0.3923
MA/UL-cm? (R? = 0.97), 0.3936 pA/uL-cm? (R? =
0.99) at 1.06 V and 1.26 V vs Ag/AgCl,
respectively.

Fig. 4(c) shows SWVs for the detection of
organic additive C at a concentration from 0 to 30
ML. 5 uL of organic additive C was added each
time. There are two obvious oxidation peaks at
1.06 V and 1.31 V vs Ag/AgCl. The concentration
calibration curves for the detection of organic
additive C at the two oxidation peaks are shown
in Fig. 4(d) (blue lines). The sensitivity is 0.0935
MA/uL-cm? (R? = 0.98) and 0.1453 pA/uL-cm? (R?
0.97) at 1.06 V and 1.31 V vs Ag/AgCl,
respectively. Fig. 4(d) compares  the
concentration calibration curves for the detection
of organic additives A, B and C. Using the SWV
method, organic additives are detected at two
potentials. There is a linear relationship between
the concentration of organic additives and the
response current. The nano-Au electrode has the
highest sensitivity for the detection of organic
additive B.

3.5 Comparison of the Sensitivity for the
Detection of Organic Additives using
the three Electrochemical Methods

Figs. 5(a-c) respectively compare the sensitivity
of the nano-gold electrodes for the detection of
organic additives A, B, and C using LSV, DPV
and SWV. Regardless of the electrochemical
method used, the best sensitivity for the nano-
gold electrode is for the detection of organic
additive B. Using LSV as shown in Fig. 5(a), the
best sensitivity for the detection of B is 200 times
and 6 times the sensitivity for A and C,
respectively.



Fig. 5 (b) shows that the sensitivity of nano-gold
for the detection of B using DPV is 330 times and
4 times that for A and C, respectively. The SWV
has a sensitivity for the detection of B at 1.06 V
vs Ag/AgCI that is 280 times and 4 times that of
A and C, respectively and the sensitivity for the
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detection of B at 1.3 V vs Ag/AgCl is 280 times
and 3 times that for A and C. It is concluded that
the sensitivity of the nano-gold electrodes for the
detection of organic additives is: B > C > A. The
sensitivity for the detection of organic additives
is: LSV> SWV> DPV.

(a)

12+
= =
T ot 3
= 1=
= IE
E o g
= =
= =
o 3t &

0 . . : .

06 08 1.0 12 14 16

| Potential vs. Ag/AgCl

0

8k {
—_ — ’
3 of %It .o
= ~ 4 -
- = +
£ af £ |/a .
= - &
=) ™ rs .
= =2 24
‘ 5l o Tk
~ - 3

0

0 . . : . :
06 08 10 12 14 16
Potential (V) vs. Ag/AgCl

L L L
200 250 300

Addition (plL)

s L L
0 50 100 150

Fig. 3. The Differential Pulse Voltammetry curves for nano-Au electrodes in electrolyte with (a)
0~300 pL A (b) 0~24 pL B (c) 0~30 pL C and (d) a comparison of the sensitivity linearity of three
additives A, B and C, in 2.14 M H,SOy4, 4.6x10“4 M HCl and 0.395 M CuSQO4*5H,0 solutions

30} 30+ (®
-
« <
3 20t = 20+
- -
£ £
- -
S 1o} 5 10t
&) Q
0 . . . . . 0 L . . ! .
06 08 10 12 14 16 06 08 10 12 14 16
0 Potential vs. Ag/AgCl
10 (d)
30 3
— —~
g 3
e R 6 |-
- 20t = /
= =
) Sy .
= £ p oA
= 10} = 45
o O 2
I 0 I I L . I |

%.6 08 ) 12 14 16
Potential (V) vs. Ag/AgCl

0 50 100 150 200

Addition (pL)

Fig. 4. The Square Wave Voltammetry curves for the nano-Au electrodes in electrolyte with (a)
0~300 uL A (b) 0~24 uL B (c) 0 ~ 30 puL C and (d) a comparison of the sensitivity linear
relationship for the three additives (where A, B, and Careat 1.05Vand A',B',C"'areat 1.3V)
in 2.14 M H,S04, 4.6x10“ M HCI and 0.395 M CuS0O4*5H,0 solutions

29



3.6 Morphology and Structure of the
Nano-Au Electrodes

Fig. 6 shows the X-ray diffraction (XRD)
spectrum for the nano-Au electrode. The XRD
pattern shows the typical face-centered cubic
(fce) structure of the nano-Au electrode. Peaks at
38.18, 44.39, 64.57, and 55.54 correspond to the
(111), (200), (220), and (311) crystal planes of
Au metal. The diffraction pattern is consistent
with JCPDS 04-0784.

Fig. 7 shows SEM images of the nano-Au
electrodes before and after the electrochemical
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experiments. Close-packed round particles of
350-450 nm sized are seen on the fresh nano-Au
electrode, as shown in Fig. 7(a). Smaller
particles (less than 20 nm) and cracks exist at
each round particle. Fig. 7(b) shows the surface
morphology of the nano-Au electrode after the
electrochemical experiments. The surface
structure is similar but the cracks are deeper and
significantly larger. The sensitivity of the nano-Au
electrode gradually decreases as the number of
uses increases. This phenomenon is presumed
to be related to the change of the surface
morphology of the electrode with the
electrochemical reaction.
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Fig. 5. Comparison of the sensitivity of nano-Au electrodes (a) LSV (b) DPV and (c) SWV for the
detection of organic additives A, B and C in 2.14 M H,SO4 + 16.94 ppm HCI + 0.395 M
CuS04*5H,0 solutions
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Fig. 7. SEM images of the nano-Au electrode (a) before the experiment, (b) after the detection
of organic additive A, (c) after the detection of organic additive B and (d) after the detection of
organic additive C

4. CONCLUSION

Organic additives, A, B, and C are detected
using nano-gold electrodes and LSV, DPV and
SWV methods. The organic additives are
detected at a more positive potential window to
avoid interference of the potential window for
copper ion deposition and stripping. The
response currents for all three methods exhibit a
linear relationship with the concentration of the
additive. The sensitivity of the nano-gold
electrodes for the detection of organic additives
is: B> C > A. The order of sensitivity to the same
organic additive is: LSV> SWV> DPV.
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