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Abstract

Copper electrodeposition is one of the root-technology for 4™ industrial revolution era
in various industries: semiconductor, lithium ion 2™ battery, and catalyst, because of its
high productivity and economic efficiency. In order to control the deposited Cu
properties, organic additives are used a key role in the Cu electroplating. However, the
organic additive is degradable under the Cu electrodeposition process, which gradually
decompose through the degradation pathways. In this study, it was attempted to identify
the bis-(3-sulfopropyl) disulfide (SPS) and polyethylene glycol (PEG) decomposition
mechanism in each electrode, and the factor of additive decomposition was searched.
Through this, for the purpose of controlling the additive decomposition, the method of
suppressing for decomposition factor was proposed.

The mechanisms of cathodic and anodic SPS decomposition, which is plays as an
accelerator in the Cu electrodeposition process, were examined via both electrochemical
and spectroscopy analysis under three conditions; open- circuit, short-circuit, and
electrolysis conditions. With an open circuit at catholyte, the SPS was finally oxidized
to oxidation to 1,3-propane disulfonate (PDS) at the Cu plate via the chemical reaction

by active radical (-OH) formed by Cu* with dissolved O,. No chemical reactions took



place at the insoluble anode. With a short-circuit, SPS at the Cu plate (cathode) and the
Ir/lIrOx plate (on Ti/TiOx, insoluble anode) were simultaneously broken down at an equal
rate because of the formation of Cu* at the Ir/lIrOx bath by a galvanic disproportionation
reaction. With current flowing in electrolysis condition, SPS in the catholyte was
consumed via the reaction with active radical by Cu* and dissolved O, as well as by
incorporation, while that in the anolyte was decomposed faster via anodic
electrochemical oxidation compared to chemical reactions.

Under the open-circuit conditions, PEG decomposition occurred only at the Cu plate,
owing to the effect of the Cu* ions. Under the short-circuit conditions, PEG degraded at
both electrodes through the galvanic disproportionation reaction, owing to which Cu*
was also formed at the Ir/IrOx plate. Under the electrolysis conditions, PEG also was
degraded at both electrodes, but a difference in the average molecular weight of PEG
(MW5peg) between the two electrodes was observed after 48 h. The PEG breakdown at
the Cu plate appeared to be related to the Cu* ions, while that at the Ir/IrOx plate was
caused by the -OH radicals formed by water splitting. In addition, direct Cu* ion catalytic
reaction was generated without dissolved O; in Cu electrodeposition bath. Therefore, it
is concluded that PEG degradation did not proceed through a direct electrochemical

reaction, but rather through an active radical-induced chemical and Cu* directly catalytic



reaction.

The decomposition factors; active radical (-OH), Cu* ion, and dissolved O, were
identified through the investigation of the decomposition mechanism of SPS and PEG.
Therefore, the effect of reducing agents to decrease the decomposition factors was
investigated through SPS decomposition. In first, after reducing agents (hypophosphite,
formaldehyde, glyoxylic acid, hydrazine, and oxalic acid) added into the Cu plating bath,
their effects examined on the voltammetric response, bath performance, and stability of
SPS. It was determined that only formaldehyde and glyoxylic acid could be used as
reducing agents in Cu electrolytes. Formaldehyde reduced the rate of SPS decomposition
more effectively. The bath performance with and without formaldehyde was evaluated
by performing a via-fill test. Consequently, when formaldehyde was present, the filling
performance was maintained for up to 9 h and SPS decomposition in the open-circuit
condition rarely occurred. These results indicate that formaldehyde reduces the number

of active radicals, thereby reducing the chemical oxidation of SPS.

Keywords: Cu, electrodeposition, decomposition, additive, SPS, PEG, Cu* ion,
active radical, reducing agent, formaldehyde

Student number: 2015-22827
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CHAPTER I

Introduction

1.1. Recent trends of Cu electrodeposition industry

As the importance of convergence technology is emphasized in the era of the 4%
industrial revolution, the amount and processing speed of data increase explosively.
Especially, the semiconductor industry paradigm is changed the new ecosystem of
electronics' 2 in Fig. 1.1. In addition, as science and technology advance in the direction
of decreasing the environmental pollution, new and renewable energy has emerged.

Copper electrodeposition technology has been applied for a long time, but it is the
root-technology that is the basis of the 4" industrial revolution. In particular, it has be
used in many industries, such as the printed circuit board (PCB) process, which is the
basis of electronic products, the interconnect process of semi-conductors called rice in
the information era. It is also utilized in the energy industry, such as the current collector
of Li secondary batteries that serve as engines of electric vehicle (EV) that replace
internal combustion engine, and the electro-catalyst of COs reduction.*2! In recent semi-

conductor technology, as front end of line (FEOL) have reached their physical limitation,



the importance of the back end of line (BEOL), like package process (through silicon
via (TSV), Redistribution layer (RDL), packaging on packaging (PoP)), has emerged. In
the field of secondary battery technology, various studies are also underway to increase
the energy density to correspond the 5G-technology, minimize the size and thickness of
current collector and increase the roughness of the surface. At this time, a Cu
electroplating method with industrial competitiveness is used.?>?

The market size of the global oxygen-free Cu metal industry is close to about USD 30
billion in 2019, and is expected to reach 5.5% annual growth rate from 2020 to 2026 in
Fig. 1.2. The market value of the global electroplating industry also exceeded USD 12.8
billion in 2018, and recorded a compound annual growth rate (CAGR) of about 2.84%
during the forecast period from 2019 to 2026 in Fig. 1.3. These Cu and electroplating
industries are growing rapidly, and could be conclude that an important technology

industry as a root-technology for 4" industrial revolution.?® >’
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technologies. (Ref. 1)
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1.2. Cu electrodeposition and organic additive

Electrodeposition is the one of metal plating techniques in various industry, using the
externally supplied electrons to reduce the metal ions in the electrolyte. In particular, in
recent years, Cu electroplating is proceeding to enable in difficult conditions through an

appropriate combination and synthesis of organic additives.

1.2.1. Cu electrodeposition

Metal plating includes various methods such as chemical vapor deposition (CVD),
physical vapor deposition (PVD), atom layer deposition (ALD), eletrodeposition (ED),
and elecroless-deposition (ELD). Vapor deposition makes the material to be deposited
in a gaseous state and deposits it in a high vacuum chamber, which applies high-level
plating through precise metal plating. However, the process cost is high and productivity
is low because the limitation of the chamber size and uniform plating is difficult
depending on the features of the electrode. On the other hand, the electrodeposition
method is very economical and easy to control in the industry. In this process, metal ions

and elements are reduced by supplying electrons, and the desired electroplating is



performed by controlling various variables like current/potential, mass transfer, and
electrical technique.

The copper possesses metallic properties that are easy to use in a variety of industries.
Cu is the second lowest-resistance (1.67 uQ-cm) material after silver among metals with
high resistance to electro-migration in Cu interconnect, which has high deformation
capacity. It has been widely applied in electronic products, because Cu is an economical
metal compared to precious metals. In particular, in the case of Cu ions, since the
standard reduction potential has more positive value than H" ion, it is convenient to
control the Cu ion in electroplating industry. 283!

Cu electrodeposition is shown in Fig. 1.4. Cu ions receive electron and are reduced
by the following reactions. Cu*" ion moves from the bulk solution to the electrode surface
by electrical energy (voltage/current), which is affected by mass transfer. Afterward, 2-
step reaction is proceeded in the electrode surface. The Cu?* ion arriving at the electrode

surface is reduced to Cu* by Eq. 1.1, which is known as the rate determining step (RDS),

and Cu" ion is reduced to metallic Cu by Eq. 1.2.

Cu’" +e — Cu' (Eq. 1.1)

Cu"+e — Cu(Eq. 1.2)



In order to obtain the deposited Cu in electrodeposition process, the electrochemical
parameters are controlled, the size of current/potential, the shape control such as pulse-
reverse/step, the composition of the electrolyte, and the applying of additives that has a
large effect with a small amount are used through optimization of the conditions.*?* In
recent years, as the electroplating conditions have become more difficult, there has been
a limit to the method of controlling electrochemical parameters. Therefore, basic studies
on additives have been continued, and a lot of research has been conducted on the

synthesis of additives to obtain desired Cu performance.*>-’

1.2.2. Properties of Cu bath and organic additive

The Cu electrodeposition cell is composed of an electrode, an electrolyte, and an
external power supply. In the case of electrode, 2-, or 3-electrode system is usually
applied, a working electrode (WE), a counter electrode (CE), and reference electrode.
The electrolyte is composed of metal ion source, a supporting electrolyte, and organic
additives. In the case of a Cu ion source, CuSO4, CuCN, CuCl etc., which are common

materials in the Cu electrodeposition. Especially, CuSQOs, less harmful to the human body



and polluting the environment, is mainly utilized in the industry. In addition, a supporting
a selectrolyte is applied to decrease the solution resistance, where acid is typically taken
because H' ion has high mobility (u;j). Therefore, the solution resistance is lowered by
using H>SO;4 to match the SO4> ion, which is the counter ion of Cu®" ion in CuSO4. A
small amount of organic additives contained in the electrolyte controls the property of
Cu in electrode structure and components of Cu surface.

Organic additives are divided into three-types, which as shown in Table 1.1, according
to application: an accelerator that increases the Cu electrodeposition rate, a suppressor
which decreases the Cu electrodeposition rate, and a leveler that make the flat surface.
The accelerator is an additive including S-S and S-H functional groups, typically bis-(3-
sulfopropyl) disulfide (SPS), 3-mercapto-1-propanesulfonic acid (MPS), and 3-N,N-
dimethylaminodithiocarbamoyl-1-propanesulfonic acid (DPS) is used. In particular, SPS,
is the most common accelerator, increases the deposition rate through a substitution
reaction with a suppressor.’® * On the other hand, surfactants such as polyethylene
glycol (PEG), polypropylene glycol (PPG), and block copolymer (PEG-PPG-PEG) are
mainly used as suppressor. The electrodeposition rate decreases by increasing the energy
required for deposition by physically adsorption to the electrode surface. At this time,

the suppressor is applied together with halide ions.**%> The leveler, usually containing



NH,4" groups, plays a role in reducing the topographic variation by chemically strong
adsorption on the edge of the electrode surface where the current is focused through an
adsorption mechanism dependent on mass transfer. Therefore, in order to make strong
adsorption with leveler, various functional groups containing nitrogen are being
controlled and developed. The desired Cu property or structure have been obtained using

by controlling the combination and concentration of these organic additives.®%
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Table 1.1. The Representative Accelerators and Suppressor for Cu Electrodeposition

Chemical name

Molecular structure

Bis(3-sulfopropyl) disulfide
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Fig. 1.4. Schematic diagram of Cu electrodeposition.
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1.3. Mechanism of additive behavior

The organic additives SPS and PEG, which are representatively utilized in the industry,
have undergone a lot of research on the additive reaction mechanism. It is explained by
solution chemistry, competitive adsorption, curvature enhanced accelerator coverage
(CEAC), S-shape negative differential resistance (S-NDR), convection dependent
adsorption (CDA)

First, SPS chemically reacts in a Cu electrolyte to form a catalytic complex, which is
the theory of solution chemistry. SPS acts as a catalyst by forming a Cu(I)thiolate
complex that acts as a mediator of electron flow along with Cu” ions formed in the
solution.%-® Second, as shown in the Fig. 1.5, it is a competitive adsorption theory that
appears when adsorbing competitively on the electrode surface with PEG. Usually, the
relatively large amount of suppressor rapidly adsorbs than other additives on the surface.
After that, PEG first forms PEG-Cu?*-CI inhibition layer on the electrode surface with
Cl- ions, which is desorbed by SPS more strong adsorption with applied potential. As it
is displaced, the deceleration effect of PEG inhibition layer decreases and the current
increases, resulting in an acceleration effect.'® %73 As shown below Eqgs. 1.3 and 1.4, the

surface coverage change of adsorbed accelerator is described.
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Osps + Opec = 1 (Eq. 1.3)

dBsps/dt = Kags(1-8sps)Csps — Kinc(Osps)? (Eq. 1.4)

Here in, Osps is the adsorbed surface coverage of SPS, Csps is the concentration of SPS
in bulk solution, ka.qs is the adsorption rate constant of SPS, ki is the constant at which
SPS is incorporated in the electrode, and g is the power-law consumption exponent.

In addition, structural electrodes such as trench or via follow the CEAC model, CDA
model, and S-NDR model. In the CEAC model, since additives are structurally
accumulated on the bottom region, the bottom up filling proceeds while having a
relatively high speed deposition rate than the top region because the concentration of the
accelerator raises at the bottom region. The simulation results is shown in Fig. 1.6.”* 7
In the CDA model, the adsorbed leveler makes decrease of the electrodeposition rate of
Cu as the inhibition function increases due to high forced convection in the electrolyte
in Fig. 1.7.7%77 And in the S-NDR model, the leveler inhibits Cu electrodeposition with
strong adsorption until the applied potential reaches a certain level, then quickly detaches
from the electrode surface after this point, desorption the suppression layer. Therefore,

as shown in Fig. 1.8, bifurcation of leveler on the surface with potential distribution
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Fig. 1.5. Competitive adsorption of PEG, CI', and SPS. (Ref. 73)
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Fig. 1.6. The CEAC simulation on feature filling of Cu electrodeposition with various

diffusion coefficient. (Ref. 74)
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1.4. Decomposition of organic additive

The organic additives play an important role in optimization of the Cu
electrodeposition industry. In particular, maintaining the combination and concentration
of organic additives determines the performance of the product. However, organic
additives are decomposed chemically/electrochemically in the Cu electrodeposition
process. Decomposition of organic additives changes the concentration and forms by-
products, which deteriorates the Cu surface and performance to be optimized Cu in the
Cu electrodeposition process. In Fig. 1.9. voids are formed in the Cu filling process
(trench, micro-via, and TSV in semiconductor), and defects are created by decomposed
organic additives in the subsequent chemical mechanical polishing (CMP) process.*-?

Therefore, among many organic additives, decomposition studies have been conducted

on SPS and PEG, which are representatively used in the industry.

1.4.1. SPS decomposition

SPS is known to be decomposed into MPS and 1,3-propane disulfonic acid (PDS)

through electrochemical and chemical reactions in a Cu electrodeposition bath. SPS is a
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dimer of MPS, the bond of S-S is broken by electrons and oxidant. When H" attaches to
the broken S-S bond, it forms a S-H bond which is reduced to MPS. The MPS is known
to exhibit a higher acceleration effect than SPS, but it is not often used in industry
because it is unstable in electrolyte. Finally, when S-S of SPS and S-H in MPS are
continuously oxidized, PDS with little electrochemical/physical effect is produced. The
SPS decomposition reactions are described in Fig. 1.10.66 %39

First, looking at the electrochemical decomposition reaction of SPS in Eq. 1.5. It is
known to be caused by participation of electron on anode in Fig. 1.10(b). So, it is affected
by the area and composition of the electrode surface and electrical energy

(current/potential).

SPS? + 6H,0 — 2PDS? + 10e” + 12H* (Eq. 1.5)

Second, it is known that the chemical decomposition of SPS is sequential oxidized by
dissolved O, in the Cu electrodeposition process in Fig. 1.10(a). Cu" ion is formed by
corrosion reaction with acid solution and com-, disproportionation reactions by metallic
Cu. (Egs. 1.6 and 1.7) Thereafter, the SPS reacts with the formed Cu" ions, which makes

the MPS by reduction, whereas the formed MPS undergoes an interconversion reaction
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in which the formed MPS is oxidized to SPS again in the Cu®" solution by Eq. 1.8. The
formed MPS reacts with O,, which is oxidized back to SPS by Eq. 1.9. Through a
Cu(Dthiolate complex formation reaction with Cu® ion by Eq. 1.10, it is oxidized with

dissolved O, and finally decomposed into PDS by Eq. 1.11.%7-1%

2Cu + 4H* +0; — 2Cu* + 2H:0 (Eq. 1.6)
Cu+ Cu** 5 2Cu” (Eq. 1.7)
SPS> + Cu* + 2H* 5 Cu?* + 2MPS" (Eq. 1.8)
1/20, + 2MPS— SPS* + H,0O (Eq. 1.9)
4Cu” + SPS* — 2Cu?* + 2Cu(I)thiolate” (Eq. 1.10)

Cu(Dthiolate + O, — Cu*" + S-product (Eq. 1.11)

Cu" ion is known to be a very unstable material in aqueous solution, but it can exist
relatively stable in solution by generating Cu(I)MPS- together with MPS. Especially, in
strong acidic solution with high H* concentration, the more SPS is converted to MPS by

Eq. 1.8, the longer MPS can persist in Cu electrodeposition bath.!*!
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1.4.2. PEG decomposition

PEG consists of several bonds of ethylene glycol units. Under the electrolysis
condition, PEG decomposes and gradually decreases of molecular weight. In addition,
as the terminal group is oxidized, it has various oxidation forms (aldehyde, hydroxyl,
ketone, carboxyl, vinyl, propyl group etc...). It is known that the decomposition of PEG
is only degraded by chemical reactions in Fig. 1.11.10%105 106

First, as shown in the Fig. 1.11(a), nucleophilic substitution reaction is described in
Egs. 1.12 and 1.13. As shown in Egs. 1.12 and 1.13, it is caused by the catalytic reaction
of nucleophilic substitution substances such as Cu ions in Cu electrodeposition bath.
This reaction occurs when PEG is attached to the electrode surface by bond breakdown.

The C-C or C-O bond in PEG is broken by the Sx1 or Sx2 reaction, a continuous uni-

molecular or bi-molecular elimination reaction occurs.'%?

R-CH,-CH,-O-CH;-CH;-R" + HNu: — R-CH>-CH>-Nu + R’-CH»-CH»-OH (Eq. 1.12)

R-CH,-CH,-Nu — R-CH=CH, + HNu (Eq. 1.13)

Second, the radical decomposition reaction in the Fig.1.11(b) is caused by hydroxyl
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radicals formed in the Cu electrodeposition bath. Hydroxyl radicals are formed by a
chain reaction (Egs. 1.14~22) that occurs while generating HOCI by receiving electron

along with chloride ions at the anode of Cu electrodeposition bath.!??

2CI" — Cly + 2¢" (Eq. 1.14)
Cl, + H,0 = HOCI + CI + H* (Eq. 1.15)
HOCI 5 H* + OCI (Eq. 1.16)

60CI + 3H,0 — 205CI + 4CI" + 6H" + 3/20, + 6¢” (Eq. 1.17)

0sCI" + H,O — O4CI" + 2H* +2¢" (Eq. 1.18)

OCI + 2HOCI — CIO5 + 2CI" + 2H" (Eq. 1.19)
HOCI + OCI' — CIO- + CI + -OH (Eq. 1.20)
-OH + OCI' — CIO- + OH" (Eq. 1.21)

CIO- + OCI + OH- — 2CI' + O, + -OH (Eq. 1.22)

The formed hydroxyl radical breaks the C-O bond of PEG by hemolysis and

decomposes it in the direction of molecular weight decrease.
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1.5. Measurement of organic additive

Since the organic additive is degraded during the Cu electrodeposition process, it is
important to accurately monitor and maintain the concentration of the organic additive.
As studies on the decomposition of organic additives have been conducted, method for
measuring the qualitative/quantitative of decomposition products have been developed.
Analysis methods include electrochemical methods (Hull cell (HC), linear scan
voltammetry (LSV), cyclic voltammetry stripping (CVS), cyclic pulse voltammetry
stripping (CPVS)), spectroscopy methods (mass spectroscopy (MS), nuclear magnetic
resonance (NMR), matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF), ultraviolet-visible spectroscopy (UV-Vis)), and chromatography methods (high-

performance liquid chromatography (HPLC), solid phase extraction (SPE)).8!: 108-113

1.5.1. Cyclic voltammetry stripping (CVS) analysis

CVS is the most representative method to measure the concentration of organic
additives in Cu electrodeposition bath. It is known as an analytical method with many

merits, which is possible to measure the concentration of additives in a very small
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quantity with simple pretreatment process. It is also powerful device in that real-time
monitoring is possible. Since CVS is a method of calculation the change of the charge
depending on the effect of the additives, the concentration of Cu that is reduced and
oxidized on the electrode surface is determined by controlling various variables (vertex
potential, rotating speed of electrode, scan rate, and calculation range)

The techniques of CVS experiment are largely divided into three types according to
the additive. The suppressor is used as a basis for CVS focusing on the suppression effect
by minimizing the other additives (accelerator, leveler) effect as it has the greatest effect
on the same amount among additives. Therefore, the dilution titration CVS (DT-CVYS)
method is used to determine the effect of only the suppressor by diluting the
electrodeposition solution. Since the accelerator should minimize the suppressor effect
to exam the accurate concentration, it is measured by saturating the electrochemical
effect of suppressor in the sample. At this time, the modified linear approximation
technique CVS (MLAT-CVS) method is used to measure in a simple way by using a
standard solution that knows the concentration of the accelerator. The leveler uses the
method as the response curve CVS (RC-CVS) by formation of calibration curve.
Additionally, our group has developed several modified CVS analysis methods in Fig.

1.12~15'108-110, 114
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Using the 2-step MLAT-CVS method in Fig. 1.12, it is possible to separate SPS and
MPS to clearly (error < 10%) measure their concentration, respectively.!® As shown in
the Fig. 1.13, The measurement of average molecular weight of PEG method can
accurately analyze the average MW of PEG within 9% error regardless of PEG MW
distribution is symmetric or bimodal.’ Todide ion concentration was successfully
determined in various Cu acidic plating solution by potential control in Fig. 1.14. The
inhibition of I drastically decreased when the vertex potential was set to a more negative
value than -0.2 V due to the formation of Cul, which was further confirmed in effective
coverage analysis.”” Selective suppressor concentration in over two-additives system
was measured by iodide in the Fig. 1.15. Even Cul alone effectively inhibits the
adsorption of SPS on the electrode surface. The synergistic interaction between Cul and
PEG-PPG supported the re-formation of the passivation layer after the disruption by the
inner diffusion of Cu?"/Cu’ ions in reverse sweep. Under the pre-optimized condition,
modified CVS analysis was performed, and the Q/Q, plots showed the same response to

CS in the CVS bath, irrespective of the CA in solutions.'*

1.5.2. Spectroscopy (NMR, MALDI-TOF) analysis

30



CVS can clearly measure the concentration of target organic additives with

electrochemically active one, but it cannot measure the disturbing effect of by-products

formed by the decomposition process in the Cu electrodeposition bath and

electrochemically inert additive. Therefore, spectroscopy analysis is used to compensate

for CVS analysis. Qualitative/quantitative analysis is possible using by NMR analysis.

'H-NMR and BC-NMR can be used to determine the structure of additives and

decomposed by-products. In addition, it is possible to measure the quantitative analysis

by calculating of the chemical shift peak area using an internal standard material. In the

case of MALDI-TOF analysis, it is a method to check the distribution of the complex,

such as polymer, it is possible to measure the molecular weight using a matrix material.

It is particularly suitable for measuring PEG whose molecular weight decreases as it

decomposes. In order to proceed with spectroscopy analysis, only additives in the

solution should be extracted with high purity. Therefore, pre-treatment work is necessary.
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Fig. 1.12. Schematic diagram of 2-step MLAT-CVS method. (Ref. 108)
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1.6. Purpose of this study

Research on the mechanism of additive behavior in Cu electrodeposition has been
actively conducted. In recent years, the development of additive according to the
electrodeposition process has been steadily progressing. In addition, research is
developed in various ways to compensate for the problems of byproducts created by the
decomposition of additives through technology that monitors the additive breakdown.
However, studies on degradation of organic additive and preventing of decomposition
have been relatively insufficient.

In this study, an in-depth approach was made to the decomposition mechanism of SPS
and PEG, organic additives used as commercial additives in industry. The additive
decomposition experiments were conducted at Cu plate (cathode) and Ir/IrOx (anode)
with membrane that was installed in the Cu electrolyte under three conditions; open-
circuit; immersing each electrode in the solution, short-circuit; forming a closed-loop by
connecting each electrode, and electrolysis; applying power in the circuit. Subsequently,
the CVS analysis method developed in the laboratory was applied to measure the
accurate concentration for SPS and correct average molecular weight for PEG, which

calculates the decomposition rate according to the decomposition time. In addition, by-
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products and were identified through qualitative analysis at each electrode using
spectroscopy analysis; H-NMR, MALDI-TOF. So, reliability was secured through
quantitative measurement and cross-checking with the results of the CVS analysis
method. Through this, the decomposition reaction and key factor of organic additives
were investigated.

Finally, while clearly grasping the key factors that decompose organic additive, a plan
to decrease decomposition was searched. The reaction was identified by choosing a
reducing agent that could be chemically/electrochemically applied to the Cu electrolyte
by measurement of the additive decomposition concentration with and without the
reducing agent. And it was checked whether it could be applied in practice through filling
performance. Through this study, a method to increase the stability of the Cu
electrodeposition bath used in the industry and to increase the economic efficiency was

proposed.
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CHAPTER 11

Experimental

2.1. Degradation experiment

Decomposition experiments of organic additives in each electrode were conducted in
three different environments: open-circuit, short-circuit, and electrolysis with various
current density. The schematics of decomposition cells were shown in the Fig. 2.1. In
the open-circuit condition, only the electrode was immersed in each electrolyte to
deteriorate, and in the short-circuit condition, the immersed electrode was circuited to
form a closed-loop. Electrolysis conditions were applied by various current. All
decomposition experiments were conducted in a 2-electrode system, and a Cu plate (99.9%
pure Cu, active area: 25 ¢cm?) was used as the cathode, and an insoluble Ir/IrOx (on
Ti/TiOx) plate was used as the anode. Each electrode was separated using an ion-
conductive exchange membrane (Nafion N212) with 6 cm distance both Cu plate and
Ir/IrOx plate. The temperature was carried out at room temperature (18~22°C), and
agitation was performed at 300 rpm using a stirrer bar. To examine the galvanic reaction

in short-circuit conditions, galvanic current was measured using a multi-meter (DT4253,

38

= Y



HIOKI). In addition, when checking the effect of O,, a pre-purging process was
performed at 500 cc/min for 1 hour using N» purging, and a flow rate at 500 cc/min

during the decomposition experiment by flow meter (Dwyer instrument, RMA-12-SSV).

2.1.1. Degradation of SPS

The decomposition experiment of SPS was largely carried out in two criteria (as
sampled, and after 3 days). SPS reacts with the Cu" ions formed in the solution to form
Cu(I)MPS" by interconversion reaction (Egs. 1.8~1.10), and the reaction rate at which
MPS is reduced to SPS depending on the acidity of the solution. Therefore, there was a
difference in decomposition of SPS between the case of measuring the concentration by
immediately sampling the decomposed electrolyte and measuring the concentration after
3 days.

The composition of the SPS decomposition base solution consisted of 0.25 M CuSOsa,
1 M H,SOy4, and 1 mM NaCl. The organic additives were used as 50 pM SPS, 300 ppm
PEG-3350. At this time, in the case of analyzing 'H-NHR for quantitative analysis of
SPS, the experiment was conducted by adding only SPS alone since the by-products of

SPS and PEG-3350 are overlapped. The decomposition experiment process of SPS is as
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follows.

(1) After additives injected to the base solution, aging was performed for 10 hours
under open-circuit, short-circuit, and electrolysis (10, 20, and 30 mA/cm?).

(2) Aging samples were collected by 100 mL at 0, 2, 4, 6, 8, and 10 hours, respectively.

(2-1) In the cases of electrolysis, the consumption rates of Cu®* ion and CI ion were
calculated and supplemented.

(3) Immediate samples (as sampled) were measured using CVS by mixing the aging
solution with titration solution (1.73 M NaOH and 1 mM NacCl) in a 1:1 ratio.

(3-1) After 3 days’ samples were measured using CVS by mixing the aging solution

with 1 mM NacCl solution in a 1:1 ratio.

2.1.2. Degradation of PEG

The composition of base solution for PEG decomposition consisted 0.25 M CuSOy, 1
M H>S04, 1 mM NaCl with 300 ppm PEG-3350. In the case of suppressor aging
experiment, there was little difference in the decomposition between as sample and after
3 days, so PEG decomposition was performed using only after 3 days sample, and the

sequence was as follows.
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(1) After additives inject to the base solution, aging was performed for 48 hours under
open-circuit, short-circuit, and electrolysis (30, 40, and 50 mA/cm?).

(2) Aging samples were collected by 100 mL at 0, 3, 6, 12, 24, and 48 hours,
respectively.

(2-1) In the cases of electrolysis, the consumption rates of Cu®* ion and CI ion were
calculated and supplemented.

(3) After collecting the samples, the concentration was measured using CVS.

2.1.3. Filling performance

The Filling base solution consisted of 0.93 M CuSOs, 0.43 M H,SO4, 0.82 mM HCI
with 24 uM SPS, which were optimized to fill the PCB micro-via substrate in the
laboratory. And formaldehyde (HCHO) was added 10 mM as a reducing agent.

(1) Decomposition was performed for 9 hours in open-circuit, and sampling was

conducted every 3 hours.

(2) The SPS decomposed samples for 0, 3, 6, and 9 hours were collected as 1.5 L, and

the fresh 100 uM PEG-1500 and 100 uM NH4Br were added to aging bath to

perform a filling experiment.
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Fig. 2.1. The aging experiments were carried out under (a) open-circuit, (b) short-circuit,

(c) electrolysis, and (d) elimination of dissolve O» in open-circuit.
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2.2. Electrochemical analysis

In Cu electrodeposition, LSV analysis was used to confirm the electrochemical
properties of the electrolyte and additives. The CVS analysis was applied to measure the

concentration of SPS and average molecular weight of PEG.

2.2.1. LSV analysis

LSV was performed to confirm the electrochemical effect of the reducing agent, in a
3-electrode system in Fig. 2.2(a), Cu (0.071, 0.1257 cm?) and Pt (0.196 cm?) were used
as the working electrode (WE), Pt rod as the counter electrode (CE), and Hg/Hg»,SO4
(saturated K»SO4) as the reference electrode (RE), respectively. The electrolyte consisted
0f 0.25 M CuSO4, 1 M H,SO4, 1 mM HCI with 50 uM SPS and 300 ppm PEG-3350. As
a reducing agent, hypophosphite (NaPO,H,), formaldehyde (HCHO), glyoxylic acid
(OCHCO,H), hydrazine (N:>Ha), and oxalic acid (COOH), were examined in 100 uM
(low concentration) and 10 mM (high concentration). The analysis was conducted at
25°C at a scan rate of 10 mV/s and various RDE rotation (0, 300, 1000 rpm). LSV was

analyzed using potentiostats (Parstat 2273 and Par273A potentiostat (EG&G Princeton
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Applied Research Corp.)).

2.2.2. CVS analysis

SPS concentration and PEG average molecular weight were measured by CVS
analysis. As shown in the Fig. 2.2(b), The CVS 3-electrode system consisted of Pt RDE
(active area: 0.0314cm?), Pt rod, and Ag/AgCl (3 M KCIl) as working, counter, and
reference electrode, respectively. During the CVS analysis, the Pt RDE as the working
electrode was stirred at 2,000 rpm and at 30°C by a thermostat. First, the concentration
of SPS (Csps) was measured by standard addition method in CVSS, and average molecular

108, 110

weight of PEG (MWpgg) was calculated by previous method.

2.2.2.1. Measurement of SPS concentration (Csps)

The concentration of SPS was measured using the standard addition method by CVS.
The as sampled and after 3 days concentration of decomposition SPS was calculated.
The potential was applied from 1.575 V, to vertex potential of -0.25 V, and swept back

to 1.575 V again with the scan rate at 0.1 V/s. First, in order to measure the concentration
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of SPS for the as sample condition, it was titrated to pH 2 to rapidly reduced Cu(I)MPS-
to Cu®" and SPS in the Cu electrodeposition bath to prevent more degradation of SPS
with Cu’ ion. Virgin make-up solution of as sampled condition (VMS-A) is composed
of 0.125 M CuSO04, 0.5 M H»S0Os, 0.86 M NaOH, 1 mM NaCl with mixing a 1:1 ratio
of aged sample:titration solution (1.73 M NaOH, 1 mM NaCl) to make pH 2. In addition,
after 3 days conditions virgin make-up solution (VMS-B) of SPS consisted of 0.125 M
CuSO4, 0.5 M HSO4, 1 mM NaCl. In order to selectively measure only the
concentration of SPS, it is made using 70 mM PEG-3350 saturated stock solution (satS).
The experiment process of SPS concentration measurement by CVS is as follows, and

the calculation results are shown in the Fig. 2.3.

m = A(Q/Qo)/A(Cs V/Vi+Vy) (Eq.2.1)

C\ = AQQ/QoY/A(V/Vi+V)-(1/m) (Eq.2.2)

(1) Put VMS-A, B (49 mL) and SatS (1mL) into a CVS vessel.
(2) Cyclic voltammetry stripping is measured repeatedly until the CVS solution and
electrode are stabilized.

(3) Measure each charge (Q) with 10 times injection of 0.5 mL standard solution (staS,
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50 uM SPS) in 50 mL of VMS (49 mL) and SatS (1 mL).

(4) Obtain the charge ratio (Qs/Qo) vs. SPS concentration (Cs-Vs/(Vi+Vs)) calibration

curve by calculation the Qo value of VMS and Qs (X: 0~10) obtained by (3) process

(5) Calculate the slope (m) of the standard curve in Eq. 2.1.

(6) The aging target sample was processed in the same manner as (1) ~ (5) to determine

Qv/Qo vs. addition number (V. /Vi+Vy)

(7) Calculated Ct by Eq. 2.2.

Here in, Qo is the stripping charge of VMS with satS, Qs is the stripping charge of the
addition staS, Q is the stripping charge of target solution, C; is the SPS concentration in
the StaS, Ct is the SPS concentration in target sample. In the sample solution, V; is the
volume of VMS-A, B with SatS, V; is the volume of staS, and V, is the volume of target

sample solution.

2.2.2.2. Measurement of PEG average molecular weight (MWpgg)

The measurement of the PEG concentration is not easy to determine during
decomposition process because PEG molecular weight was decrease but number of low

molecular weight increase. Therefore, it is more accurate to use the measurement of
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MWoyeg by previous method than to measure the PEG concentration. The measurement
of MWpeg method by CVS used the hysteresis area in CV formed by adsorption and
desorption of PEG. PEG virgin make-up solution (VMS-P) consisted 0.25 M CuSO04, 1
M H,SO4, 1 mM NaCl. The potential was applied from 1.575 V to sweep the vertex
potential at -0.45 V. It was again swept back to 1.575 V with 0.1 V/s scan rate. During
the analysis, the Pt RDE used as the working electrode with 2,000 rpm agitation. The
temperature was maintained at 30°C using a thermostat.

To measure MWpgg, Prior to carrying out the CVS analysis, the calibration curve
between the maximum area of hysteresis (Qv-Qr) vs. MWpgg (input data) was obtained.
(Fig. 2.4) The hysteresis generally was evolved between 0.1 V and -0.45 V when a small
amount of PEG (concentration of PEG (Cpgg): ~ 40 ppm) was added in the CVS vessel.
Figs. 2.4(a), (b) showed that both MWpg and Crrg affected the area of hysteresis. By
potting the area of hysteresis (Qy»-Qr) vs. Cpeg, we obtained the maximum area of
hysteresis as a function of MWpgg in Figs. 2.4(c), (d). Using the individual data points
in Fig. 2.4(d), a non-linear regression (y=a+bc*, a=435.038, b=515.473, and ¢=0.99956)
with an R? value of 0.9901 was carried out to obtain the master calibration curve. Using
this method, the MWpgg values in the bath under various aging conditions were

calculated. The measurement of the MWpgg is as follows, and the calculation result was
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shown in the Fig. 2.4.

(1) Put VMS-P (50 mL) into a CVS vessel.

(2) Cyclic voltammetry stripping is measured repeatedly until the CVS solution and
electrode are stabilized.

(3) Measure each maximum charge (Qy Qr) with 10 times injection of 0.5 mL the stock
solution (stoS, 1000 ppm PEG-X (S:200, 600, 1050, 1500, 2050, 3350, 6000,
10000 Da)) into 50 mL of VMS-P.

(4) Obtain the maximum Q' Qr (charge density) vs. MWpgg (Da) calibration curve by
calculation the hysteresis area value of VMS and addition of stoS obtained by
process (3).

(5) Calculate the master calibration curve by non-linear regression (y=atbc*, a=
435.038, b= 515.473, and c= 0.99956) with an R? value of 0.9901 carried out in
Fig. 2.2.

(6) The aging target sample is processed in the same manner as in (1)~(5) to obtain
the Qu Qr vs. addition number graph.

(7) Calculate the MWpgG in aging target sample.

Here in, Qy is the charge density of the backward scan, Qr is the charge density of

the forward scan.

48



(a)

Potentiostat

| |
o | s | D

(b)

O—

1 Dosing

system

Qu
Q@

=

m

WE cvs

Fig. 2.2. Schematic diagram of electrochemical analysis (a) LSV, (b) CVS.
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2.3. Spectroscopy analysis

A pretreatment process (solution extraction) is required to spectroscopically measure
the additive contained in the Cu electrodeposition solution. The pretreatment process, as
shown in the Fig. 2.5, is as follows.

(1) Sampling: Draw off 100 mL the aging solution to be measured, and add an internal
standard saccharin to 50 uM

(2) Neutralization (#1): In order to minimize H" ion and OH" ion of the aging solution
and remove Cu?* ions into CuOH sedimentation, 8 M KOH is added to the aging
sample solution until pH reaches 7.

(3) Precipitation (#2): In order to remove SO4> ion contained in the neutralized
solution, add to ethanol (EtOH) to lower the solubility and precipitate CuOH and
K2SOq, respectively.

(4) Centrifugation (#3): Centrifuge for 10 minutes at 10,000 rpm to separate the
precipitated CuOH and K,SO; from the solution.

(5) Filtration (#4): Unfiltered impurities in the solution are removed using a
Polytetrafluoroethylene (PTFE) filter.

(6) Evaporation (#5): EtOH (45°C) and H»O (55°C) are evaporated using a vacuum
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pump and chiller.

(7) Dissolution: Dissolve the remaining residue by adding D,O for the NMR sample,

and dihydroxybenzoic acid (DHB) for the MALDI-TOF sample.

Pretreated samples were analyzed using by 'H-,'3C-NMR (600 MHz, Avance 600 FT-
NMR, Bruker), MALDI-TOF (Voyager-DETM, Applied Biosystems Inc.) analysis of
the additives contained in the sample and by-products of the additives. A qualitative and
quantitative investigation was carried out using an internal standard material, which was
performed by normalizing B-SPS (2.83 ppm) and a-PDS (3.00 ppm) peaks with

saccharin (7.83, 7.89 ppm) in NMR data.
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Fig. 2.5. Pretreatment of sample for spectroscopy analysis (MALDI-TOF, NMR).
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2.4. Filling performance

To confirmed the effect of formaldehyde (HCHO) on the decomposition of SPS in Cu
electrodeposition, the micro-via filling performance was conducted in a 3-additive
system (100 uM PEG-1500 (suppressor), 100 uM NH4Br (leveler)). Filling base solution
consisted of 0.93 M CuSOs, 0.43 M H,SOy4, 0.82 mM HCI, which were optimized to fill
the PCB substrate in the laboratory, and 1.5 L electrolyte was added to the cell as shown
in Fig. 2.6. It was carried out in a 2-electrode system, patterned PCB substrate (Samsung
Electro-Mechanics Co. Ltd.) having a size of 2.1x2.2 ¢m? was used as the working
electrode. Through laser drilling, the micro-via had a thickness of 130 um at the top, 100
um at the bottom, and a depth of 100 um. One unit of the substrate has approximately
1,750 micro-vias, and the average distance of via was 300 pum. The surface of the
substrate increased the adhesion by forming a Cu seed (3 um) through the desmear
process. Ir/IrOx on Ti/TiOx was used as the counter electrode, and the upper part of the
electrode was opended and covered with a proton-conducting Nafion membrane to
remove oxygen generated during Cu electrodeposition. The electrolyte of PCB filling
was injected from a nozzle installed in the bath, where the nozzle pressure was

maintained at 49.03 kPa. The current density was 15 mA/cm2 applied for 90 minutes.
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The micro-via of the Cu electro-deposited substrate was embedded in acrylic resin, and
then physically ground using silicon carbide abrasive disks (P240, P600, P1200, P4000),
polycrystalline diamond suspension (average diameter: 1 pm), and colloidal silica
(average diameter: 50 nm), sequentially. Finally, the cross section image of PCB micro-

via was confirmed using an optical microscope (ICS-306B, SOMETECH).

56



A

Pressure fauge

Working electrode
(PCB substrate)

!/ ) Nozzle

S
~

Fig. 2.6. Schematic diagram of flow cell for Cu micro-via filling.
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CHAPTER III

Results and Discussion

3.1. Mechanism of SPS decomposition

The decomposition of SPS has been studied in our group. In particular, a method for
confirming the effect of by-products through NMR analysis and monitoring the
concentration of SPS was also suggested. While the decomposition reaction and by-
products in the full cell were confirmed, the correct decomposition reaction in each
electrode solution has not been obtained. Therefore, been done by dividing a catholyte
and anolyte by a proton-conducting membrane into three conditions; open-circuit, short-
circuit, and electrolysis. In addition, by removing dissolved oxygen in the solution, the
effect of oxygen on the additive was investigated. The effect of active-radical was also
examine using H,O» to conduct an in-depth study of the decomposition reaction of SPS.

Finally, the factors and mechanism of SPS decomposition were identified by NMR.

3.1.1. Measurement of Csps by CVS

58



First, the decomposition concentration of SPS was measured as sampled under open-
circuit conditions using the CVS method. As shown in Fig. 3.1, the SPS concentration
at the Cu cathode decreased, while that at the Ir/IrOx insoluble anode was unchanged
during 10 h aging process. It has been reported that the open-circuit decomposition of
SPS at the Cu electrode surface is initiated by a Cu" ion formed by Cu corrosion as well
as by a disproportionation reaction in Eqs. 1.6~7.!"31'7 As mentioned earlier, Cu” ions
form Cu(I)thiolate through various reactions with SPS in solution Eqs. 1.10~11. The
formed MPS and Cu(I)MPS" undergo an additional oxidation reaction in an oxygen
atmosphere. Therefore, the concentration of SPS gradually decreases with time in the
reducing solution. According to Healy et al., it is suggested that SPS is oxidized to form
an S-product, that is, PDS.!” Since there is no metallic Cu in the oxidizing solution, Cu*
ions could not be formed, so that SPS could remain stable without decomposition. In
addition, when an additional reaction was performed for 3 days after sampling, SPS
degradation occurred as much as 16.79 uM after 10 hours of decomposition, is because
Cu(I)MPS- present in the solution for 3 days was further oxidized by Cu" ion.

For the short-circuit in Fig. 3.2, the SPS decomposed at both the Cu plate (Cu) and
the Ir/IrOx (insoluble anode) with similar rates in as sampled and sampling after 3 days.

In particular, when comparing the conditions of decomposition for 10 hours, the
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condition after 3 days was further decomposed by 16.62 pM. This means that the
decomposition of SPS occurred by Cu” ion even in the oxidizing electrode solution. To
understand that Cu” ion was formed in the anolyte, galvanometric was measured using
a multi-meter. As shown in Fig. 3.3, the current density was measured by sequentially
addition metallic Cu, chloride, and additives in Cu plate and Ir/IrOx plate solution with
closed-loop. As a result of the measurement, in the absence of CuSOs, it was observed
that electrons flow from metallic Cu to the insoluble electrode by 0.027 mA/cm?. This is
because metallic Cu formed Cu ions according to the following reactions (Egs. 3.1~3.3)
by corrosion by strong acidic solution. When CuSOs; first put in the catholyte, the current
density changes in the negative direction, but it is recovered soon in Fig. 3.3(a). Then,
when CuSOy entered the anolyte, the current density increased to 0.113 mA/cm?. This is
because a disproportionation reaction was formed near metallic Cu, was used a cathode,
which made an electron moved to the Ir/IrOx plate through the electric line. Conversely,
an insoluble electrode, an anode, received electrons and reacts with Cu?" ions to form
Cu" ions in Egs. 3.1~3.3. When NaCl was added to both electrode, the current density
slightly increased to 0.127 mA/cm?, because the intermediate (Cu®) stabilized as it
formed into CuCl. The galvanometric experiment was carried out again to check the

effect of changing of the addition order in Fig. 3.3(b). First, in order to grasp the effect
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of mass transfer, when increasing from 0 rpm to 300 rpm, 0.018 mA/cm? slightly
increased to 0.025 mA/cm?. Then, addition CuSOys in the first to anolyte led to the
increasing of current density significantly to 0.183 mA/cm? because of the
disproportionation reaction. When Cu?* ion was added to the catholye, the current
density decreased to 0.120 mA/cm?, possibly because disproportionation reaction
additionally took place at the interface between Cu electrode and the catholyte the as
well as between the Ir/IrOx plate to Cu plate. The addition of Cl" ion and other additives
slightly changed the current density, due to the Cu’ formation by CuCl. Therefore, the
current density formed in the short-circuit is the main factor owing to the

disproportionation reaction that formed Cu* ion in a both electrolyte containing Cu*" ion.

Metallic Cu: Cu — Cu’ + e, Eg=0.52 V (Eq. 3.1)
Cu"* - Cu*" +e,Ey=0.16 V (Eq. 3.2)

Insoluble anode Ir/IrOx: 4H" + O, + 4¢” — 2H,0, Eg = 1.229 V (Eq. 3.3)

The concentration of SPS at catholyte and anolyte during electrolysis condition were
shown in Fig. 3.4. Under the electrolysis, the SPS more rapidly degraded at the Ir/IrOx

plate bath than at the Cu plate bath because the electrochemical reaction (Eq. 1.5)
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occurred. Especially, from Table 3.1, when the current density increased from 10
mA/cm? to 30 mA/cm?, the decomposition of SPS occurred more rapidly at a rate of -
17.232 uM/h to -24.394 pM/h in anolyte. On the other hand, it could be seen that the
concentration of SPS decreased at a decomposition rate of about -2 uM/h under the three
current density conditions in the catholyte, indicating that the decomposition was mainly

caused by a chemical pathway rather than by an electrochemical pathway.

3.1.2. Analyzing the SPS decomposition by spectroscopy analysis

In order to clearly examine the degradation products, samples for as sampled and after
3 days’ decomposition were measured using 'H-NMR. In the presence of SPS, three
characteristic peaks were observed at 2.12 ppm (-CHz-), 2.83 ppm (-CH:S-S), and 3.00
ppm (-CH2S05°) in Fig. 3.5(a). As a result of measuring the integrate area of peak, 3.00
ppm was calculated as 3.81, 2.83 ppm was 3.71, and 2.12 ppm was 4.45. After 5 hours’
decomposition under the open-circuit condition, as sampled the peak intensity at 2.85
ppm decreased, while that at 3.00 ppm increased, indicating the oxidation of thiol or
disulfide functional group to sulfonate. Note that the characteristic peaks of MPS (-

CH,S") and Cu(I)MPS (-CH,S"Cu*) were not analyzed by 'H-NMR, because it was all

62



reduced to SPS during the pH titration process, of pretreatment for NMR analysis. When
the sample was measured 3 days after decomposition, the peak area of 2.83 ppm
decreased further to 0.23 and 3.00 ppm increased to 5.95. This was because almost all
of the S-S functional groups are decomposed and most of them were oxidized to SO3’
terminal group, resulting in PDS.

Fig. 3.5(b) showed the concentrations of SPS and PDS at each stage obtained from
CVS and NMR measurements. Right after the aging experiment, the SPS concentration
of as sampled condition was measured 34.67 uM from initial 50.18 uM, which implies
that about 69% of the accelerator species (SPS, MPS, and Cu(I)MPS") remained in the
bath. However, only 3.02 uM SPS remained after aging for 3 days after the experiment
despite the absence of metallic Cu. On the other hand, the concentration of PDS was
increased with aging. The results of comparing the concentration of SPS through CVS
and '"H-NMR are shown in Fig. 3.5(c). As a result of comparison, the SPS concentration

was similarly measured by CVS and NMR analysis.

3.1.3. Verification of SPS decomposition factor

Based on the Figs. 3.1~3.5, the consumption rate of SPS under three condition; open-
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circuit, short-circuit, and electrolysis (10, 20, and 30 mA/cm?) at both electrode was
evaluated in Fig. 3.6(a). In the catholyte, the SPS consumpotion rates were in the range
from 1.20 to 1.39 uM/h under non-electrolytic conditions. Consumption rate increased
to 2.23 uM/h when applying the current density of 20 mA/cm?, possibly because of the
incorporation of accelerator species into the growing Cu film and formation of Cu" ion
on deposited Cu surface during the Cu reduction.?> 8120 In the anolyte, the consumption
rate was nearly 0 uM/h under the opne-circuit condition, but it increased to 0.98 uM/h
when a short-circuit was formed, by the reaction of Cu" ion. Under the electrolysis
condition, the consumption rate further increased, up to 21.28 uM/h, due to the anodic
oxidation reaction. At the re-measurement of concentration for 3 days later, the apparent
consumption rate increased when the SPS decomposition was caused by the Cu” ion
(condition #1~#5). When the decomposition was caused by anodic oxidation, no further
consumption was observed.

In order to investigate the oxygen effect on the SPS decomposition, dissolved oxygen
in the electrolyte was removed by N, purging. As shown in the Fig. 3.7, initial sample
#1 was measured as 49.19 uM, and the decomposition for 3 days with eliminating the
dissolved O, by N, purging #2 was measured as 48.62 pM with little decomposition. On

the other hand, it was confirmed that the decomposition for 3 days in the air was
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completely processed to 0.25 pM. Therefore, the decomposition of SPS might result
from the reactive Cu” ion, which led to the formation of the reactive O, species via the

reaction of Egs. 3.4~3.8.121-126

Cu'+0; — Cu*" + 07 (Eq. 3.4)
Cu’ + -0y + 2H" — Cu?* + H,0; (Eq. 3.5)
Cu” + H,0, — Cu*" + -OH + OH™ (Eq. 3.6)
‘OH + RSH — RS - + H,0 (Eq. 3.7)

RS - +0, 5 RSOO- (Eq. 3.8)

The Cu’ ion, which is continuously generated by corrosion and disproportionation
reactions (Egs. 1.6~1.7), reacted with dissolved O in accordance with reactions (Egs.
3.4~3.8) to form reactive oxygen (-Oz"), hydrogen peroxide (H20.), or free radical of
hydroxides (-OH), respectively. The free radical led the decomposition of Cu(I)MPS" to
PDS. Cu' ions acted as a catalyst to form free-radicals, which helped to form the
Cu()MPS-. Regarding this issue, Brennan et al. presented that the most of MPS was
converted to SPS and PDS in the presence of Cu** and O, within 24 hours, while it was

metastable in Cu?*-free condition. They suggested that this might be associated with the
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interaction of Cu+ with O,, which played a critical role in partitioning between MPS-
dimerization to SPS* or to SPS*-sulfone to disulfone that may result in PDS
generation.!?” Healy’s et al. and Frank’s et al. Presented that the voltammetry of aged Cu
solution depended on O, contents in bath, indicating that dissolved O is concerned with
SPS decomposition reaction.”® % D’Urzo et al. and Koh et al. also showed that the
concentration of SPS did not decrease when O, was not present, using ion
chromatography and mass spectroscopy analysis.”* ° Based on our results as well as
previous works, it could be concluded that both Cu” and dissolved O- played critical
roles on SPS decomposition, in a way such as forming ‘O, H>O2, -OH.

In addition, in order to check the effect of hydroxyl radical formed in the electrolyte,
it was confirmed whether decomposition of SPS occurred when H,O: or Cu?* source was
directly added to form -OH in the solution by NMR analysis. As shown in the Fig. 3.8,
there was no decomposition of SPS without H>O, and with Cu?’, which meant that the
decomposition factor did not exist in the Cu electrodeposition bath. On the other hand,
with H,O, condition, SPS was decomposed as 0 uM with Cu?** ion and as 24.96 uM
without Cu?* ion. When H,O, and Cu®' ions were present in the solution, more
decomposition of SPS occurred due to the additional formation of -OH by Eqgs. 3.5~3.6.

So, to summarize, as shown in Fig. 3.9, Cu’ ion was sequentially formed by metallic
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Cu with disproportionation reaction in the solution. After that, -OH was formed as it was

oxidized by dissolved O», and free-radicals cut the S-S and S-H bond of organic additives,

and finally formed PDS.
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Table 3.1. Rate of SPS Breakdown under Electrolytic Conditions

Current density Slope Intercept
R-square
(mA/cm?) (nM/h) (nM)
10 -2.0717 50.144 0.9942
Cu

20 -2.2536 49.855 0.9704
plate

30 -1.9223 48.939 0.985

10 -17.232 48.703 0.9777

Ir/lrOx

20 -21.283 49.708 1
plate

30 -24.394 47.317 0.9764
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experiment and (b) after 3 days later.
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Fig. 3.1. Concentration of SPS measured by CVS during the aging experiment under the

open-circuit. The measurements were carried out twice, (a) as sampled the aging
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Fig. 3.2. Concentration of SPS measured by CVS during the aging experiment under the
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experiment and (b) after 3 days later.
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Fig. 3.9. Schematic diagram of the SPS chemical decomposition reactions.
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3.2. Mechanism of PEG decomposition

The decomposition of PEG has been studied in our group. In particular, MADLI-TOF,
NMR, and gel permeation chromatography (GPC) analysis have been done to investigate
the decrease of by-products and molecular weight of PEG. In addition, a method for
monitoring the average molecular weight of PEG using CVS was introducted by Choe
et al.""® However, the only decomposition reaction and products in the full cell was
studied, but the correct decomposition reaction in each electrode solution has not been
done. Therefore, the electrolyte was separated into catholyte and anolyte using a proton-
conductive membrane into three conditions; open-circuit, short-circuit, and electrolyte.
In addition, by removing dissolved oxygen in the solution, the effect of oxygen on the
additive was investigated. Finally, the factors and mechanism of PEG decomposition

were identified by MALDI-TOF and NMR analysis.

3.2.1. Measurement of MWpgg by CVS

MWp5ec was analyzed in order to elucidate the mechanism of PEG decomposition

under open-circuit, short-circuit, and electrolysis (30, 40, and 50 mA/cm?) conditions.
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First, the breakdown of PEG was examined in the open-circuit conditions. As shown in
the Fig. 3.10, in the catholyte, the maximum Qp-Qr value decreased from 327.4 to 136.9
mC/cm? after 48 h aging time, corresponding to the MWpgc values of 3494.15 Da and
1226.45 Da, respectively, whereas in the anolyte, little change in MWpgrg was observed
for 48 h, from 3528.9 Da to 3286.4 Da, which implied that the PEG was stable in the
acidic Cu electrolyte in the absence of the metallic Cu. When the Cu metal was contacted
with an acidic bath, the reactions denoted in Eqs. 1.6~1.7 occurred, resulting in the
formation of Cu*. In addition, if there were no surface sites to which PEG could be
adsorbed, PEG would not be decomposed in a Cu electrolytic solution.

Under the short-circuit condition, MWpgg decreased in both electrolytes at nearly
same rates (Fig. 3.11). Especially, after 48 hour of aging experiment, the MWpeg was
measured 975.6 and 988.9 Da in the catholyte and anolyte, respectively. In the short-
circuit condition, as in the decomposition of SPS, Cu" ion was formed at both electrodes,
which occurred through Eqs. 3.1~3.2. The galvanic current density between the Cu
plate and Ir/IrOx plate was 0.127 mA/cm?, in good agreement with our previous study.
Assuming that all of the electrons were consumed in the reactions denoted using Egs.
3.1~3.2, the rate of Cu* formation at the Ir/IrOx was estimated to be 13.16 pmol/s-m?.

The results for the decrease in MWpgg under the electrolysis condition (30, 40, and 50
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mA/cm?) were shown in Fig. 3.12. MWpgg decreased more rapidly at the catholyte than
at the anolyte at all current densities. It was also found that the current density had almost
no influence on the rate of the PEG decomposition in both electrolyte, implying that the
decomposition of PEG did not follow a direct electrochemical reaction that involved
electron transfer. Rather, PEG degradation appeared to be closely related to active

radicals such as -OH.

3.2.2. Analyzing the PEG decomposition by spectroscopy analysis

MALDI-TOF and 'H-NMR analysis were conducted for representative samples
(under 30 mA/cm? electrolysis condition) for a detailed examination of the breakdown
byproducts of PEG and cross-checking to compare the CVS results. Using MALDI-TOF
analysis, MWpeg was calculated using the following Eq. 3.9, where Ni: number of

molecules, M;: molecular weight.

Mn= YN:M/¥N; (Eq. 3.9)

As depicted in Fig. 3.13, PEG molecular weight distribution changed due to aging
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process. Prior to aging, a symmetric PEG molecular weight distribution with a peak at
approximately 3350 m/z was observed for both electrolytes. As the aging progressed, the
population of the low molecular weight of PEG in the 400~2500 m/z range gradually
increased. After 48 h, the MWpgg became bimodal, with a broad peak at approximately
1000 m/z and a peak of initial PEG at 3350 m/z. the MWpgG values obtained by CVS an
MALDI-TOF were similar, confirming the accuracy of the CVS analysis in Fig. 3.14.
However, because of the matrix material of MALDI-TOF, it was difficult to measure a
small molecular weight of PEG under 300 m/z or less. In addition, with the CVS analysis,
it was not affordable to measure the MWpgg because the small molecular weight of PEG
under 200 Da or less had a relatively small inhibitory effect. Therefore, it could be
similarly measured MALDI-TOF and CVS.

The structure of the PEG decomposition products in the fresh and aged baths was
examined via '"H-NMR analysis. Saccharin with the chemical shifts of 7.82 and 7.89 ppm
was used as the internal standard to correct the chemical shift of the analyte, which varied
with pH. As presented in Fig. 3.15(a), black line was the pristine result, peaks at 3.70
pm and 4.80 ppm were observed for the pure PEG-3350 that dissolved in D>O. These
peaks were assigned to -CH»-O and -OH, respectively. The PEG in the fresh Cu

electrodeposition bath that was preliminarily extracted by pretreatment steps showed the
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peaks of pure PEG (3.70, 4.80 ppm), and some minor peaks at 1.04, 1.17, 1.28, 1.90, and
2.17 ppm (propyl group, ethyl ether, ketone, unassigned, respectively). Unassigned
minor peak may be related to the impurities in the electrodeposition bath and the
breakdown products of PEG removed during the sample extraction.'?®'% In Fig.
3.15(b)~(d), 'H-NMR spectra of PEG in three aged baths conditions; open-circuit, short-
circuit, and electrolysis was presented. After decomposition of PEG in open-circuit
condition, the PEG byproducts at the Ir/IrOx did not show any additional chemical shift
peaks, indicating the absence of chemical decomposition. For other cases, new peaks
were formed at the chemical shifts close to 6.43, 8.47, 9.26, and 9.67 ppm and were
assigned to aldehyde (9.26 and 9.67 ppm), formic ester (8.47 ppm), and vinyl groups

(643 ppm).88, 107,133, 134
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3.2.3. Verification of PEG decomposition factor

Based on Figs. 3.10~3.12, the values of MWpgg obtained after aging was carried out
for 48 h in various conditions; open-circuit, short-circuit, and electrolysis were compared
in Fig. 3.16. The initial MWprg was nearly measured 3350 Da. Under open-circuit
condition, MWpgg decreased to 1226.4 Da (#1) in catholyte, and changed only slightly
3286.4 Da (#2) in anolyte. The MWpgg values in short-circuit condition were observed
to be 975.6 Da (#3) and 988.9 Da (#4) at Cu plate and Ir/IrOx plate baths, respectively.
This is because, like the Cu electrodeposition of SPS, Cu" ion was formed in the
electrolyte by corrosion (Eq. 1.6) and disproportionation (Eq. 1.7) reactions, and Cu” ion
and dissolved oxygen react to form active radical (-OH). Subsequently, the formed active
radical in the Cu electrodeposition bath with metallic Cu broke the C-O bond of PEG.
Under the electrolysis conditions, for the current densities of 30, 40, and 50 mA/cm?, the
MWpG values in catholyte were close to 2500 Da (2470.7 at 30 mA/cm? (#5), 2437.3 at
40 mA/cm? (#7), and 2515.84 in 50 mA/cm? (#9)). MWopkG values in anolyte were 1728.7
(#6), 1462.5 (#8), and 1480.0 (#10) Da, respectively, indicating that the amount of
decomposed PEG was nearly independent of the applied current densities at both

electrodes. A comparison between the MWpgg values obtained in the catholyte showed
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that PEG decomposition occurred more rapidly under open-circuit condition than under
the electrolysis condition in which the Cu” ion was reduced to metallic Cu on the cathode,
contributing to the lesser extent of the formation of the Cu’ ion in the electrolysis
conditions than in the open-circuit conditions.

Fig. 3.17 showed the ratio of -OH/-CH,-O for various aging conditions by 'H-NMR
analysis. The -OH/-CH»-O ratio of the pristine PEG was obtained as 0.968. With
pretreatment, the ratio of -OH/-CH,-O increased to 1.219, possibly due to residue of H,O
molecular after evaporation step. For the cases where Cu* ion was involved (#3, #5, #6,
#7, #9, #11) the intensity ratio of -OH/-CH,-O increased to 1.67~2.29, indicative of the
breakdown of -CH»-O bond. In contrary, for anodic conditions (#8, #10, #12), the
intensity ratio of -OH/-CH»-O decreased to 0.621~0.752. That meant that the further
oxidation of molecular terminal to aldehyde, formic ester, and vinyl groups became more
dominant, which was possibly due to the higher concentration of -OH during electrolysis.

Previous studies have indicated that hydroxyl radicals initiate the decomposition of
PEG, that is, these active radicals break the C-O bond in PEG.!3!*® Considering the
results presented in Fig. 3.10 and the previous data in SPS decomposition, it was
concluded that PEG spontaneously decomposed when the metallic Cu was contacted by

the bath, most likely due to the presence of the Cu* ion by disproportionation reaction.
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Fig. 3.18 presents MWppg measured by CVS after open-circuit aging for 48 h with and
without N, purging to check the oxygen effect in the PEG decomposition. In the presence
of O (in air), the MWpgg decreased to 988.2 Da after open-circuit aging for 48 h.
However, under de-aeration, MWpgg decreased to 1764.7 Da in Fig. 3.19(b), which
indicated that the PEG degradation possible, took place even in the absence of O,.

PEG was stable in electrodeposition bath where there was no decomposition source
like metallic Cu or current flowing etc. Also in our study, PEG did not decompose for
48 h in anolyte under the open-circuit aging in Fig. 3.10(c). That is, the reactive Cu" ion
should be involved in decomposition pathway in anyway. The contact of metallic Cu and
Cu?* produced the reactive Cu” ion on the solution. Considering equilibrium constant
(K=6.757x10"7 M), the Cu* ion concentration in 0.25 M CuSOs should be 0.41 mM.'*
However, as suggested by many papers the oxidation of Cu” by dissolved oxygen in the
Eq. 3.4 is very instantaneous, so that the actual concentration of Cu" is quite low. ' 14!
In the case of de-aerating the electrolyte where the concentration of Cu* ion is supposed
to be high, the PEG molecules is still formed to be slightly decomposed. It could be
suggested the PEG would be decomposed, following the different path like direct Cu*

10n reaction.

Comparing to breakdown products by the 'H-NMR analysis with and without N,
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purging, byproducts (aldehyde, formic ester, and vinyl groups) were formed after aging
PEG with dissolved O» in Fig. 3.19(a). However, under de-aeration, both HO- and its
further oxidized forms like aldehyde and vinyl groups were not clearly detected. In
addition, the intensity ratio of -OH/-CH»-O clearly increased from 1.22 to 1.83 in Fig.
3.19(b), which implied that the breakdown of -CH»-O to -H,-OH + HO-, or -CH3 + HO-.
It could be thought that the breakdown pathway under de-aerated condition is totally
different to that under conventional condition.

Meanwhile, at the Ir/IrOX plate, the -OH was also generated during water splitting

via the reactions denoted using Egs. 3.10~3.13.14% 143

MO, + H,0 — MO,(-OH) + H* + ¢ (Eq. 3.10)
MO,(-OH) — MOy + 1/20, + H* + ¢ (Eq. 3.11)
MO,(-OH) — MOy:; + H" + ¢ (Eq. 3.12)

MOy — MOy + 1/20, (Eq. 3.13)

Won et al. also insisted that -OH radical could be created at the anode by Cl" that acted
to carry out the hypochlorite formation reaction. To examine the effect of the Cl- ion,

aging under electrolysis conditions (30 mA/cm?) was also carried out in the absence of
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the Cl- ion with the results shown in Fig. 3.20. It is observed from Fig. 3.20(a) that
MWopec was unchanged in catholyte for 48 h; this was due to the low stability of Cu™ ion
in the aqueous conditions in the absence of the halide, resulting in a low -OH
concentration. Comparison of Fig. 3.12 and Fig. 3.20(c) showed that the rate of PEG
decomposition at the anode is slightly decreased in the absence of Cl-, demonstrating
that PEG degradation was possible even in the absence of the CI" ion.

In summary, as shown in the Fig. 3.21, obtained products were related to the active
radical decomposition reaction or direct Cu” ion catalytic reaction, suggesting that the
decompositions of PEG under open-circuit, short-circuit, and electrolysis conditions

were caused by chemical reactions.
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Fig. 3.10. Value of Qp-Qras a function of the amount of the aged solution (1 mL/addition)
at (a) the Cu plate and (b) Ir/IrOx plate added into VMS (50 mL). The aged solution was
obtained under open-circuit conditions in a membrane cell. The MWpgg values in the

aged solution measured by CVS is presented in (¢).
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Fig. 3.11. Value of Q,-Qras a function of the amount of the aged solution (1 mL/addition)
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obtained under short-circuit conditions in a membrane cell. The MWpgg values in the
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Fig. 3.12. Changes in MWpgg during electrolysis at 30 mA/cm?, 40 mA/cm?, and 50

mA/cm? in (a) Cu plate and (b) Ir/IrOx plate.
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Fig. 3.13. MWpgg measured by MALDI-TOF during the degradation experiment under
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Fig. 3.14. Comparison between the MWpgG values obtained with MALDI-TOF and with

CVS analysis at (a) the Cu plate and (b) Ir/IrOx plate.
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Fig. 3.15. 'H-NMR spectra of PEG after aging for 48 h, (a) pristine PEG and PEG in the
fresh bath; (b) PEG aged under open-circuit conditions; (¢) PEG aged under short-circuit

conditions; (d) PEG aged under electrolysis conditions with 30 mA/cm?.
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Fig. 3.16. MWy after 48 h aging under various conditions (open-circuit, short-circuit,

and electrolysis).

94

et e



N
n

N
o
1

-OH/-CH2-0 ratio
5

(=]
(%]
1

—
(]
1

1.219

L1674

0.621

21417

0.667

j0.752

o
o

Conditions

T OB #2 #3 #4 #5 #6 #7 #8 #0 #10#11#12

#1: Pristine PEG-3350
M #2: w/ pretreatment (0 hr)
H #3: Open-circuit, Cu
M #4: Open-circuit, Ir/Ir0,

#5: Short-circuit, Cu
M #6: Short-circuit, Ir/IrO,
W #7: 30 mA/cm?, Cu

#8: 30 mAfcm?, Ir/IrOy
[ #9: 40 mA/cm?, Cu
M #10: 40 mA/cm?, IrfIrOy
Il #11: 50 mA/cm?, Cu
M #12: 50 mA/cm?, IrfIrOy

Fig. 3.17. Intensity ratio of -OH/-CH,-O for PEGs aged for 48 h under various conditions.

Intensity ratio was obtained by integrating peaks at 3.7 ppm (-CH»-O) and 4.8 ppm (-

OH).
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Fig. 3.18. Value of Qy-Qras a function of the amount of the aged solution (1 mL/addition)

at the Cu plate added into VMS (50 mL). The aged solution was obtained under open-

circuit aging with and without N, purging. The MWpgg values in the aged solution

measured by CVS is presented in (b).
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obtained under electrolysis conditions with 30 mA/cm?. The MWogg values in the aged

solution measured via CVS is presented in (c).
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Fig. 3.21. Schematic diagram of the PEG chemical decomposition reactions.
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3.3. Decrease of additive decomposition

In the current industry, as a method to reduce the decomposition of additives, ionic
conducting membrane is used to prevent direct electrochemical reactions at the anode.
However, since this method only aims at additive that are electrochemically decomposed,
breakdown of the additive due to a decomposition factor formed by chemical reactions
in the solution cannot be prevented. In order to solve this problem, the chemical reaction
was investigated through the decomposition mechanism of SPS and PEG, in which was
confirmed the factor of degradation. Methods that could be eliminated by analyzing the
decomposition factor were suggested, and it was confirmed that decomposition was

controlled by applying it in practice.

3.3.1. The factor of additive decomposition

As a result of confirming the decomposition factor of the additive, it was confirmed
that SPS was decomposed only by active radical formed in the electrolyte, and that PEG
wad degraded not only by active radical but also by direct Cu” ion. Therefore, in order

to decrease decomposition, the formation of active radical and Cu® ion must be
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suppressed. As a method to remove active radical that are unavoidably formed in the
electrolyte, two approaches were largely examine.

First, a reducing agent was introduced to make the active radical react with other
substances before the active radical broke the weak bond of SPS. The reducing agent
was selected as a material that did not affect the Cu electrodeposition bath, and then the
actual decomposition concentration of SPS was measured with reducing agent. Finally,
the filling performance was confirmed with the decomposed solution to secure the
reliability of the electrolyte. Through the previous study and following Eq. 1.4, Egs.
3.5~3.7, it was found that the decomposition factors are largely three kinds of Cu" ion,
dissolved O, and active radical.!’® *-1%¢ In order to prevent decomposition, it is
necessary to suppress the formation of decomposition factor. However, in the industrial
process, it is practically impossible to remove dissolved oxygen present in a solution
because of economic burden. Therefore, we focused on a method that could remove Cu*
ion and active radical in the solution.

The second method is to reduce decomposition by change of the electrolyte properties
lowering the concentration of Cu® ion present in the solution and decreasing of the

concentration of active radical. This method is covered in detail in appendix.
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3.3.2. Selection of reducing agent in Cu electrodeposition bath

First, five kinds of reducing agents used in the industry were selected: hypophosphite
(NaPO:H,), formaldehyde (HCHO), glyoxylic acid (OCHCO,H), hydrazine (N,H,), and
oxalic acid (COOH),. Electrochemical analysis was conducted to evaluate the effect of
reducing agents on Cu electrodeposition. Linear sweep voltammetry (LSV) was
performed using fresh Cu electrolyte by adding 100 uM of each of the reducing agent in
order to examine the possible side effect by them in Fig. 3.22. In the low potential region
at -0.4 to -0.6 V, there seemed to be a slight difference in current density, but the
voltammograms were almost identical for all reducing agents. The electrochemical
response was also similar between -0.2 and -1.0 V (vs. Hg/Hg,SO4) when the forced
convection was stronger 300 rpm and 1000 rpm. Furthermore, even after the addition of
100 uM reducing agents, there was no apparent effect on the voltammetric response. To
understand the effect of the reducing agents on the decomposition of SPS, an aging
experiment of SPS was proceeded under the open-circuit condition. The Csps during the
10 h aging process and the corresponding consumption rates were shown in Fig. 3.23(a)
and (b), respectively. The results indicated that when the aging was done for 10 h without

the addition of a reducing agent, the SPS decomposed at a consumption rate 12.70 uM/h.
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Note that the consumption rates were determined between 0 and 4 h, where the
concentration of SPS linearly decreased. The consumption rates of SPS, when reducing
agent were added, were measured 12.23 pM/h (NaPO,H,), 11.91 uM/h (HCHO), 12.06
uM/h (OCHCO,H), 12.65 uM/h (N;Hs), and 12.21 uM/h ((COOH),), respectively. The
rate of SPS degradation slightly decreased when the reducing agent were added, and
especially formaldehyde was determined to be the most effective for inhibiting SPS
decomposition. However, due to the low concentration of the reducing agents, there was
not a large change in the SPS consumption rates. Therefore, it was selected again by
increasing the concentration of the reducing agent.

There was no visible change when 100 uM of a reducing agent was injected into the
Cu electrolyte. The Cu electrodeposition bath was maintained for 10 h after the addition
of the reducing agent without the formation of precipitates. In the Fig. 3.24, the increase
of reducing agent concentration to 10 mM in Cu electroplating bath occurred the
precipitation of hydrazine (blue-green precipitate) or oxalic acid (sky-blue precipitate)
immediately due to the formation of hydrazinium sulfate (white) and cupric oxalate
(bluish-white), respectively. The solubility of hydrazinium sulfate with 30 g/L in water,
decreased as the amount of sulfuric acid increased due to the increase in the

concentration of sulfate. LSV analysis was performed again with an increase in the
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concentrations of the reducing agents from 100 pM to 10 mM (100 times more
concentrated) at Cu RDE in Fig. 3.25(a)~(c) and Pt RDE in Fig. 3.25(d)~(f). There were
no observable changes in the voltammograms of the Cu RDE after the addition of the
reducing agent, except in the case of hydrazine. When hydrazine was added in the Cu
electroplating bath, a higher current density was obtained between -0.4 and -0.85 V
owing to the acceleration Cu reduction, which indicated that hydrazine affected the Cu
reduction process. In addition, CVS analysis was used to measure the concentration of
SPS. So, electrochemical analysis on the Pt RDE was also needed. In the case of
formaldehyde, glyoxylic acid, and oxalic acid, there were no apparent differences in the
voltammograms obtained between -0.4 and -1.0 V compared to the voltammogram
obtained when a reducing agent was not present. However, when hypophosphite, which
is known to reduce metallic phosphite, was added, a peak was detected in the range of -
0.4 to -0.5 V (vs. Hg/Hg>SOs) in Fig. 3.25(d)~(f).!*” Note that the measurement of SPS
concentration with NaPO,H, was excluded because accurate measurement was not
possible.

In the open-circuit condition, the aging of SPS was conducted by increasing the
concentrations of the reducing agents to 10 mM, and the results were presented in Fig.

3.26. The SPS degraded at a rate of 12.70 uM/h when no reducing agents were added.
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The consumption rate of SPS decreased with the addition of reducing agents. The

concentration of SPS measured using CVS analysis was unreliable at initial condition

when hydrazine and oxalic acid were added, due to the formation of precipitates and an

accelerating effect resulting in a measurement error, as presented in Fig. 3.25. The

consumption rates of SPS in the presence of hydrazine and oxalic acid were 4.50 and

6.25 uM/h, respectively. However, when formaldehyde and glyoxylic acid were added,

the SPS decomposed at much lower rates of 0.75 and 1.46 pM/h, respectively. In addition,

CVS was used to determine the SPS concentration in order to check the consumption

rates of SPS as a result of the concentration of formaldehyde and glyoxylic acid. Each

reducing agent was added to the Cu bath and samples were taken every 2 h in Fig. 3. 27.

The consumption rate of SPS under these condition was 0.32 and 0.65 pM/h for

formaldehyde and glyoxylic acid, respectively, indicating that the decomposition of SPS

decreased when the concentration of reducing agent increased.

Among the five reducing agents, formaldehyde and glyoxylic acid effectively

inhibited the decomposition of SPS without apparent side effect (precipitation or

electrochemical response). In particular, when using formaldehyde, it was confirmed that

the rate of decomposition of SPS decreased in about 2 times compared to glyoxylic acid.

Therefore, formaldehyde was utilized to investigate micro-via filling performance in Cu
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electrodeposition bath.
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3.3.3. Effect of reducing agent (formaldehyde)

The process of micro-via filling was performed using HCHO, which has the best effect.
In this case, in order to focus only the effect of SPS, the solution containing only SPS
was aged, and the optimized 100 uM PEG-1500 and 100 uM NH4Br were freshly added
to perform the filling process. Open-circuit aging was conducted by adding SPS to the
Cu electrodeposition bath with and without formaldehyde.

In the case of formaldehyde-free condition, after aging for 3, 6, and 9 h, the electrolyte
was sampled, and the SPS concentration were measured by CVS. As shown in Fig.
3.28(a), at the initial condition where 24 uM of SPS was present, the surface of the PCB
substrate was shiny (top view), and the micro-via was fully filled. After aging the
electrolyte for 3, 6, and 9 h under the open-circuit condition, the filling performance
gradually decreased and the substrate surface became rough. Furthermore, SPS
concentration during the 9 h period, measured using CVS analysis, were determined in
Fig. 3.28(b). After 3, 6, and 9 h of aging, the concentration of SPS decreased from 25.96
uM to 17.10, 9.67, and 6.09 uM, respectively. The SPS breakdown during the aging
process resulted in the insufficient filling of the micro-via in the PCB substrate.

In the case of formaldehyde addition, the initial filling performance was excellent, and
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the substrate surface was shiny in Fig. 3.29(a). After being aged under the open-circuit
condition for 9 h, the filling performance and the shiny surface of the PCB substrate
were maintained. During this period, the SPS concentration determined by CV'S analysis
was relatively consistent 26.93 uM in initial, 25.16 uM in 3 h, 24.75 uM in 6 h, and
24.00 uM in 9 h in Fig. 3.29(b). These results indicated that SPS was less oxidized when
formaldehyde was added compared to when it was not added.

The decomposition of SPS could thus be decreased by the addition of reducing agents.
In particular, formaldehyde had the best performance among the reducing agents. It has
been suggested that the degradation of SPS is initiated by the hydroxyl radical, which is
formed via the reaction between Cu* and dissolved O.. Here, Cu* ion was produced via
a disproportionation reaction by Eq. 1.7. Subsequently, as the Fention-like reaction
occurred between dissolved O, and Cu" ion, the active radical (-OH) was formed, which
led to the oxidation of SPS.!47-15¢

Typically, when formaldehyde was used in electro-less deposition, it is oxidized to
formate and methanol by the Cannizzaro reaction (Egs. 3.14~3.15) in alkaline solution.
157. 158 The reducing agent acted as an electron donor in the electro-less deposition,
enabling Cu?’ to be reduced to metallic Cu in the presence of a complexing agent such

as ethylenediaminetetraacetic acid (EDTA), in alkaline solution. However, in a neutral

108



solution, formaldehyde existed as methylene glycol in Eqgs. 3.16~17.

2HCHO + OH" — HCOO" + CH;OH (Eq. 3.14)
2Cu?* + HCHO + H,0 5 2Cu* + HCOOH + 2H* (Eq. 3.15)
HCHO + H,0 5 H,C(OH); (Eq. 3.16)

H,C(OH), 5 H,C(OH)O" + H' (Eq. 3.17)

When hydroxyl radical is formed due to the reaction between Cu' ion and dissolved
O: in the Cu electrodeposition bath, they react with the methylene glycol in Eq. 3.18.
Subsequently, formic acid (HCOOH), hydrogen peroxide (H,0O>), and active radical are
intermediate products that lead to the formation of hydroxyl (-OH), hydroperoxy (-HO3),
and superoxide (-O,’) by successive reactions in Egs. 3.19~3.21. Finally, the oxidation
of formaldehyde leads to the formation of carbon monoxide (CO), carbon dioxide (CO>),

and water (H20).

3-OH + 2H,C(OH), + 20, + H,0, — 3-HO; + CO + HCO,H + 4H.0 (Eq. 3.18)
HO, < -0, + H* (Eq. 3.19)

-HO; + -0, + HY — H,0, + O (Eq 320)
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HCO,H + H,0O, — CO, + 2H,0 (Eq. 3.21)

In summary, since formaldehyde was oxidized by the active radical in place of the
SPS, the rate of SPS decomposition decreased in Fig. 3.30. In addition, when
formaldehyde was added as a reducing agent, there were few side effects on Cu
electrodeposition. The micro-via in the PCB substrate was fully filled regardless of the
presence of formaldehyde, which indicated that the formaldehyde did not affect the

filling performance of the Cu electrodeposition.
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Fig. 3.22. The voltammograms of the Cu bath with a Cu RDE (VMS# 1, 50 uM SPS,
and 88 uM PEG-3350), with and without the addition of 100 uM of each reducing agent,

with a rotating speed of (a) 0 rpm, (b) 300 rpm, and (c) 1000 rpm.
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Fig. 3.23. (a) The concentrations of SPS in the Cu bath during open-circuit aging with
and without the addition of 100 pM of each reducing agent, and (b) corresponding

consumption rates.
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Fig. 3.25. The voltammograms of the Cu bath (VMS#1, 50 uM SPS, and 88 uM PEG-
3350) with 10 mM of each reducing agent on the Cu RDE ((a) 0 rpm, (b) 300 rpm, (c)

1000 rpm), and on the Pt RDE ((d) 0 rpm, (e) 300 rpm, (f) 1000 rpm).
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Fig. 3.26. (a) The concentrations of SPS in the Cu bath (VMS#1, 50 uM SPS) during
open-circuit aging with and without 10 mM of each reducing agent, and (b)

corresponding consumption rates.

115



(a)

SPS concentration (uM)

(b)

Consumption rate of SPS (uM/hr)

(<))
(=]
L

'S
=)
1

30 -

20 -

10

— - - No reducing agent

e

%6

Formaldehyde
Glyoxylic acid

15

12

4 6
Time (h)
0.32 0.65
Folrm Glyo
Conditions

Fig. 3.27. (a) SPS concentration during open-circuit aging, and (b) corresponding

consumption rates. The Cu bath initially consisted of VMS#1, 50 uM SPS, and 10 mM

of each reducing agent was added to the electrolyte, which was sampled every 2 h.
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Fig. 3.28. (a) Optical microscopy (OM) images of the PCB surface and micro-via after
electrodeposition for 90 min using fresh and aged baths without the addition of
formaldehyde (initial concentration= VMS#2 and 24 uM SPS; supplement after aging=

100 uM PEG-1500 and 100 uM NH4Br) (b) SPS concentration measured by CVS

analysis.
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Fig. 3.29. (a) Optical microscopy (OM) images of the PCB surface and micro-via after
electrodeposition for 90 min using fresh and aged baths with the addition of
formaldehyde (initial concentration = VMS#2 and 24 pM SPS, 10 mM formaldehyde;

supplement after aging = 100 uM PEG-1500 and 100 uM NH4Br) (b) SPS concentration

measured by CVS analysis.
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Fig. 3.30. Schematic diagram of the reduction of formaldehyde by active radicals.
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CHAPTER IV

Conclusion

In this study, the additive decomposition mechanisms were investigated with ion-
conducting membrane under the various conditions (open-circuit, short-circuit, and
electrolysis). At first, the rates of SPS decomposition at the Cu plate and Ir/IrOx plate
were measured by the standard addtion-CVS method, and the factor affecting the
decomposition was examined. In the open-circuit condition, Cu* ions were formed
through Cu corrosion from the Cu metal and the disproportionation reaction between the
Cu electrode and Cu?* ions; the formed Cu® ions reacted with SPS to form Cu(I)MPS".
Because of the reactivity of Cu”, Cu(I)MPS" was further oxidized to PDS via the reaction
with dissolved oxygen. Note that uncomplexed MPS was reduced to SPS rather than to
PDS, while SPS remained stable in the bath. Though SPS was stable at the insoluble
anode (Ir/IrOx), it began to decompose when the circuit was closed because of the
formation of Cu" ions by the galvanic disproportionation reaction between Cu*" in the
anolyte and the catholyte. Under electrolysis, SPS at the Cu plate was consumed via the
reaction with Cu" ions as well as by physical incorporation, while that at the Ir/IrOx plate

decomposed via anodic oxidation.
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Second, the reliability of the MWpgg values obtained by CVS was verified by the
comparison to the MWpgg values obtained by MALDI-TOF analysis. Under the open-
circuit conditions, the Cu* ion produced via a disproportionation reaction promoted the
formation of -OH radicals and initiated the PEG breakdown. The -OH radical broke the
C-O bond which is the weakest bond of PEG, leading to a decrease in MWpgg. Under
the short-circuit conditions, PEG degradation occurred at both electrodes due to the flow
of the galvanic current, resulting in the formation of Cu” ion at the Ir/IrOx. Under the
electrolysis conditions, PEG degradation proceeded both at the Cu and the Ir/IrOx plate,
albeit at different rates, and PEG decomposition at the Cu plate was due to the Cu” ions
formed during Cu** reduction, while PEG decomposition at the Ir/IrOx plate was caused
by the -OH radicals formed during water splitting. Under electrolytic conditions, the rate
of PEG breakdown at the Cu plate was reduced compared with those of the other two
cases (open-circuit and short-circuit conditions), indicating a low Cu* concentration. In
addition, the PEG degradation occurred even when dissolved O, removed, which
meant that direct Cu™ ion catalytic reaction was generated in Cu electrodeposition
bath. PEG by-products (aldehyde, formic ester, and vinyl group) were not identified in
the anolyte of the open-circuit conditions, but were observed in other conditions,

indicating that PEG decomposition proceeded via an active radical-induced chemical
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reaction at both electrodes.

Through the additive decomposition mechanism, the factor of SPS and PEG
degradation were identified to Cu’ ion, O, and active radical. As a method to suppress
the chemical decomposition of SPS, we investigated the effect of reducing agents, which
are used in electro-less deposition, on the chemical decomposition of SPS in a Cu
electroplating bath. SPS can be chemically decomposed by active radicals such as -O,~
and -OH, which are formed by the reaction between Cu" ions and O,. Therefore, to
reduce the chemical breakdown of SPS (i.e., to suppress the formation of active radicals),
we added reducing agents to the Cu plating bath and tested the voltammetric response,
bath performance, and stability of SPS under the open-circuit condition. Firstly, we
selected a reducing agent that has few side effects on Cu electrodeposition. Among the
five candidates (hypophosphite, formaldehyde, glyoxylic acid, hydrazine, and oxalic
acid), formaldehyde and glyoxylic acid were electrochemically inactive in the cathodic
potential region and did not form precipitates up to a concentration of 10 mM, and they
were thus determined to be the most promising candidates. The addition of formaldehyde
resulted in the least SPS decomposition during aging and thus proved to be the most
efficient by about 40 times compared to without formaldehyde. We evaluated the

stability of SPS in the presence of formaldehyde under the open-circuit condition.
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Consequently, when formaldehyde was absent, the concentration of SPS sharply
decreased (25.96 uM (initial) — 6.09 pM (9 h)) after open-circuit aging owing to the
chemical decomposition of SPS, resulting in imperfect filling. However, when
formaldehyde was present in the Cu bath, SPS decomposition rarely happened (26.93
UM (initial) — 24.00 uM (9 h)), and the filling performance was maintained for up to 9
h. It is expected that formaldehyde is oxidized by the free radicals in place of the SPS,
whereby the rate of SPS oxidation decreases. These results indicated that the addition of
formaldehyde improved the chemical stability of additives with little side effect on bath

performance.
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Appendix

Effect of electrolyte on Cu electrodeposition bath

with additive

The influence of the electrolyte properties on additive in Cu electrodeposition was
confirmed. Additives are decomposed by oxidant formed by chemical reactions in the
solution. In CHAPTER III of this study, the decomposition factor was identified, and a
method of control the decomposition factors formed in the electrolyte was examined by

changing the concentration of Cu source and supporting electrolyte.

A.l. Introduction

Cu electrodeposition has been used as a basic technology for digital industry
production, including interconnect metallization in semiconductor, printed circuit board,
and Cu thin film in Li ion secondary batteries, because it offers excellent price
competitiveness and productivity. In general, Cu electroplating carries out under the

optimized CuSO4 and a H,SO4 concentration with additives to, because low power
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potential electroplating is required to productivity and thereby reduce processing costs.
! The basic requirements for economical and stable electrodeposition include an agitation
system to aid in the mass transport of Cu®* as well as the techniques to control the local
coverage of additives, such as pulse-, pulse-reverse electrodeposition?, step current
electrodeposition.*”

The representative accelerator is bis-(3-sulfopropyl) disulfide (SPS) with disulfide-
and mercapto- functional groups, which increases the Cu electroplating rate. The
suppressor is mainly used such as polyethylene glycol (PEG), polypropylene glycol
(PPG), which form a PEG-Cu’-Cl complex attached to the electrode surface with Cl- ion,
inhibiting with electroplating and decrease the plating speed. The leveler serves to reduce
the difference in height of the surface by attaching it to the convex region of the surface.
Cu electroplating has demanded a variety of mechanical properties and features, the
synthesis and combination of organic additives has diversified. As the conditions for Cu
electrodeposition are becoming more and more difficult, degradation of organic
additives in electrolyte during the electroplating has emerged as an important problem.
By-products are generated and additives optimized concentration are changed due to
decomposition of additives, which makes it impossible to obtain the desired mechanical

properties or filling performance. Degradation of SPS chemically occurs through the
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process of active radical (-OH) formation due to the reaction of Cu* ion with dissolved
O; in Cu electrodeposition bath. In addition, SPS electrochemically degraded at anode
with electron in electrolysis condition.® PEG is decomposed only through chemical
reactions by directly Cu” ion catalytic reaction and active radical (-OH) by Cu" ions with
O; in the solution.”

Therefore, by controlling the decomposition factors, decomposition of the additives
can be prevented. However, it is difficult to perfectly control the decomposition factor
in industry. In particular, it is economically difficult to remove dissolved O, from the
solution. First, as shown in the Eq. A.1, the SPS degradation by electrochemical reaction,
where occurs rapidly at the anode, is controlled using an ionic-conductive membrane

like Nafion for inhibition direct adsorption to electrode surface.

SPS* + 6H;0 — 2PDS> + 10" + 12H" (Eq. A.1)

In addition, Kim et al. proposed a method of suppressing decomposition of additives
by adding a reducing agent to prevent the active radical (-OH) formed by successive
chemical reactions from reacting with SPS in the Cu electrodeposition bath.?

In this study, the electrolyte pH with the additives were controlled through the
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concentration of sulfuric acid (0.001~1 M H,SOj4) to exam the deposited Cu properties
and electrochemical results. In addition, the effect on the degradation of SPS and PEG
depending on the Cu electroplating solution properties change was identified
electrochemically by CVS measurement of the SPS concentration (Csps' and average

molecular weight of PEG (MWpgg).
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A.2. Experimental

A.2.1. Electrochemical effect on electrolyte pH change experiment

The electrolytes consisted of 0.25 M CuSQO4, x M H>SO4 (x=0.001, 0.01, 0.1, and 1
M), 1.0 mM NaCl with 25 uM SPS or 300 ppm PEG-3350. The trench patterned wafer
(bottom: 50 nm Cu/30 nm Ta, sidewall: 15 nm Cu/15 nm Ta/SiO,, active surface area: 1
cm?) with an aspect ratio of 2 was used to test the filling performance under no agitation
condition. Prior to electrodeposition, the patterned wafer was immersed into an etching
solution (0.02 M citric acid and 0.03 M KOH) for 2 minutes to remove the native oxide.

Linear sweep voltammetry (LSV) was carried out in a three-electrode system at 25 °C
with a scan rate of 10 mV/sec. Electrochemical impedance spectroscopy (EIS) was
conducted with an open circuit potential in the frequency range from 0.01 Hz to 100 kHz
with an AC voltage amplitude of 10 mV. A Cu rotating disk electrode (RDE, active area:
0.1257 cm?, rotating speed: 300 rpm) was used as the working electrode, and a Cu rod
(99.9%) and Ag/AgCl (sat. KCl) were used as counter and reference electrodes,
respectively. Trench filling experiments were carried out at 10~50 mA/cm? with a fixed

deposition amount of 700 mC/cm?. The Cu wafer, Cu rod, and Ag/AgCl were used as
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the working, counter, and reference electrodes, respectively. The distance between
working and reference electrodes was 1.5 cm?. An electrochemical analysis and trench
filling were performed with a Parstat 2273 potentiostat (EG&G Princeton Applied
Research Corporation). The field emission scanning electron microscope (FESEM;

Hitachi) were used to observe the deposit surface and structure.

A.2.2. Effect on the additives decomposition experiment

The degradation experiments were carried out in a two-electrode system under open-
circuit condition. The Cu plate (99.9%, active area: 25 cm?) was used as a deterioration
factor in the Cu electrodeposition bath. The bath initially consisted of 0.25 CuSQO4, y M
H>SO4, 1 mM NaCl with 50 pM SPS or 300 ppm PEG-3350. The temperature of the
electrolyte was precisely controlled to be within 23~25°C, while a stirring bar was
rotated at 300 rpm. The solutions were sampled between 0 to 10 h in SPS and 0 to 48 h
in PEG.

The concentration of SPS (Csps) and the average molecular weight of PEG (MWpgg)
was measured by cyclic voltammetry stripping (CVS, 797 VA Computrace, Metrohm)

for the degradation of additives. A CVS three-electrode system consisted of Pt rotating
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disk electrode (Pt RDE, 0.0314 cm?), Pt rod, and Ag/AgCl (3 M KCl), which used as the
working (WE), counter (CE), and reference electrode (RE), respectively. The potential
ranged from 1.575 to -0.25 V in Csps and 1.575 to -0.45 V in MWpgg, with a scan rate of
100 mV/sec. During analysis, the working electrode rotated at 2000 rpm, and the
temperature of the bath was kept at 30°C using a thermostat. In first, Csps was measured
by dividing into two conditions: as sampled and after 3 days using the pH titration. As a
virgin make-up solution of Csps analyzing (VMS-A, Cu plating solution with excessive
suppressor) consisted of 0.125 M CuSQOs, 0.5 M H2SOs4, 0.86 M NaOH, 1 mM NaCl, and
1.4 mM PEG-3350 was used. MWpgg was determined from the maximum hysteresis area
(given as Qu-Qrwhere Qy is the charge density in the backward scan and Qrin the forward
scan) at the cathodic region in the voltammogram. As a virgin make-up solution of
MW>peg analyzing (VMS-B) was composed of 0.25 M CuSO4, 1 M H2SOs4, 1 mM NaCl

was applied.
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A.3. Results and Discussion

A.3.1. Electrochemical effect on electrolyte pH change

When the composition of the electrolyte was changed, the various concentration of
H>SO4 was applied to confirm the effect on the Cu electroplating bath, and
electrochemical analysis and deposited Cu were confirmed by voltammogram and filling
performance. Through this, the effect of the control the electrolyte pH on the Cu
electrodeposition in the actual process was firstly checked.

Figs. A.1(a)-(d) show a cross-sectional image of the trenches after electrodeposition
at 10~50 mA/cm? under pH 0~3. At pH 0, the superfilled feature was formed only at a
low current density (<20 mA/cm?) (Fig. A.1(a)). The bump began to disappear at 30
mA/cm?, and at over 40 mA/cm?, the dendrite growth of the Cu was observed. The
chronopotentiometry (CP) results show that, at a high current density (>30 mA/cm?), the
potential abruptly moved in the negative direction because the Cu depletion at the
electrode surface (Fig. A.2(a)). Due to the depletion of Cu at the electrode surface, the
dendrite structure was formed at 40 and 50 mA/cm? as shown in Fig. A.1(a).> '° As the

pH increased, however, the current density enabling successful filling was gradually
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extended toward a higher value. Eventually, at pH 3, void-free filling was accomplished
at 50 mA/cm? without abrupt changes in the potential during CP. These results showed
that a higher pH led to better mass-transfer, and consequently allowed to apply high-
speed Cu superfilling.

An analysis with a rotating- speed of 300 rpm was carried out in various solution pHs
to examine the effects of the pH on the additive behavior (Fig. A.3). In a standard acidic
condition (pH 0), PEG suppressed the Cu reduction in the kinetic-controlled region
(approximately 0 ~ -0.4 V), while SPS partially dismissed the suppression by displacing
PEG (Fig. A.3(a)). ! In a weakly acidic condition (pH 3), the behavior of the SPS and
PEG were similar to those at pH 0, but the current density was lower than that at pH 0
irrespective of the additive chemistry (Fig. A.3(d)). This was because the solution
resistance for the weakly acidic bath (6.35Q-cm?) was 15.5 times higher than that of a
standard bath (0.41 Q-cm?). To examine the effects of the pH on the mass transport of
Cu?', LSV experiments were carried out in an extended potential range and a lower
rotating-speed of 100 rpm. As shown in Fig. A.4(a), the limiting current densities were
measured to be 69, 84, 95, and 107 mA/cm? at pH 0, 1, 2, and 3, respectively, indicating
that the higher solution pH resulted in better mass-transfer. The limiting current density

is determined by the rates of diffusion, convection, and migration, as given in Egs. A.1
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and A.2.

Liim = ILevich T 1m (Eq. A1)

iLevien = 0.62xnFAD**v "¢ C'? (Eq. A.2)

where irevien 1S the current flowing by diffusion and convection, im is the current
flowing by migration, n is the number of electrons, F is the Faradaic constant, A is the
geometric area, C is the Cu?* concentration, v is the kinematic viscosity, o is the rotating-
speed and Dy is the diffusion coefficient. To determine in, we assumed that the movement
of Cu*" ions at the diffusion layer is approximately equal to that at the bulk electrolyte,

as shown in Eq. A.3.

im = teuxi (Eq. A.3)

The transport numbers (t;) for each of the ions at various pH values were calculated

using Eq. A.4, based on the ion concentration data presented by J. M. Casas et al.

experimental data (Fig. A.4(b)). '2
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t = |Z|FCui / 33|Zi[FCju; (Eq. A.4)

Where Z; is the charge number and u; is the mobility of the ion. As shown in Fig.
A.4(b), increasing the pH resulted in a higher transport number of the Cu®* ions. Using
Eq. 1-4, the fractions of irevich and im in iim Were determined at various pH values (Fig.
A.4(c)). The increase in pH led to a high i, while irevich Was almost constant, indicating
the the improvement in filling capability at pH 3 came from a high in. Using equation,
the diffusion coefficients of Cu?* at pH 0~3 were determined to be between 4.5~5.5x10
¢ cm?/sec (Table A.1), which are close to former reference paper (4.9~5.9x10 cm?/sec)
13 demonstrating the validity of our approximation. Based on this result, increasing the
pH value by lowering H,SO4 was confirmed to be a good approach to increase the
migration rate of Cu?*, which enables high-speed electrodeposition without the use of an

agitation system.
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A.3.2. Effect on the additives decomposition

By changing the Cu electrolyte property, the effect on the additive was confirmed. Fist,
the decomposition of SPS and PEG was confirmed by pH control. After that, the effect
on the additive degradation was investigated.

In first, it was measured by CVS that the Csps and decomposition rate of SPS was
changed under open-circuit condition according to the electrolyte pHs. In first, as shown
in the Fig. A.S, the concentration of SPS as sampled condition was decreased in aging
process. The degradation rate of SPS was calculated at 4.72 uM/h in the pH 0. At pH 1
solution, SPS decomposed in the highest rate at 7.63 uM/h, and the rate decreased more
and more as the electrolyte pH increasing 4.99 and 4.08 uM/h, respectively. On the other
hand, Fig. A.6, sampling after 3 days’ later condition, it was confirmed that the SPS
decomposition rate was measured at 9.01 uM/h in pH 0 electrolyte. As the pH increased,

the rate of SPS degradation decreased to 8.33, 5.13, and 4.02, respectively. Under the

pH 0 solution, the decomposition rate of SPS after 3 days’ condition was 1.91 times

higher than that of as sampled condition. This is because the Cu(I)MPS- complex formed
in the Cu electrodeposition bath could be stably presented in the solution as the pH was

lowered. In a solution with high acidity, the concentration of MPS- increased in the SPS
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and MPS interconversion reaction (Eq. A.5) due to the high H" ion concentration.
Subsequently, when the concentration of MPS" is high by the Cu(I)MPS" formation
reaction (Eq. A.6), the concentration of Cu()MPS" increases. Therefore, Cu® ion and

MPS in the electrolyte could exist more stably for a long time.

SPS> + Cu + H' <> Cu?* + 2MPS" (Eq. A.5)

2Cu?* + 4MPS" <> 2Cu(DMPS" + SPS> + 4H" (Eq. A.6)

On the other hand, in low acidity solution, since MPS" did not exist for a long time
because backward reaction of Eq. A.5 is accelerated by low H" concentration. Since Cu”
ion could not exist as a Cu(I)MPS™ complex in the solution, Cu" ion was quickly oxidized
by oxygen. Therefore, active radical is formed by successive reactions (Eq. A.7~A.9),

and SPS was decomposed by active radical.

Cu'+ 0, — Cu* + -0y (Eq. A7)

Cu’ +-0% +2H" — Cu® + H,0; (Eq. A.8)

Cu* + H,0, — Cu?* + -OH + OH™ (Eq. A.9)
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Secondly, the degradation of PEG in various pH solution was confirmed as the average
molecular weight of PEG (MWpgg) under open-circuit condition by CVS analysis. As
shown in the Fig. A.7, MWpgg was similarly degraded under the condition of pH 0, pH
1, and pH 2, among which the most rapidly decomposed in the pH 1 solution. On the
other hand, it was checked that less decomposition of PEG occurred in the pH 3
condition. Looking at the MWpgg after 48 hours condition, it was measured as 862.4 Da
(pH 0), 753.9 Da (pH 1), 913.3 (pH 2), and 2090.3 Da (pH 3), respectively.

It was found that the decomposition of SPS and PEG differed as the pH of the
electrolyte changed, indicating that the decomposition factors of SPS; Cu" ion, dissolved
oxygen, and active radicals was affected by the change of H' ion concentration.
Therefore, further studies on the concentration of decomposition factors like Cu* ion,
active radical were necessary to understand the SPS decomposition mechanism by

thermodynamics and kinematics.
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Table A.1. iicvicn, im, and the Diffusion Coefficient of Cu?* in Mass Transport-limited

Region at Various pHs

pH Limiting current (mA) Diffusion coefficient (x10cm?sec™)
0 8.72 6.13
1 10.5 8.13
2 11.9 9.82
3 13.4 11.8
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Table A.2. Transport Numbers for Various lons in the 0~3 pH Solutions

Ion Cu?t SO4* HSOs H* Cr Na*
lonic conductivity(d,)
10720 159.60 3886  349.82 7634  50.11
(cm?Ql-equiv!)
Mobility (u;) 1.11 1.65 4.03 3.63 7.91 5.19
(em’sec’ V") E-03 E-03 E-04 E-03 E-04 E-04
Charge number (z)) 2 2 1 1 1 1

Concentration (C) (M) | 0.2325  0.4325 0.8 1 0.001  0.001

pHO K (ion conductivity) 49.848 138.054 31.088 349.820 0.076  0.050
t; (Transport #) 0.0876 02427  0.0546  0.6149  0.0001  0.0001

Concentration (C) (M) | 0.1813  0.2063  0.075 0.1 0.001  0.001

pH1 K (ion conductivity) 38.860  65.835 2915 34982  0.076  0.050
t. (Transport #) 0.2723 04613  0.0204 02451  0.0005  0.0004

Concentration (C) (M) | 0.175  0.181  0.004 0.01 0.001  0.001

pH 2 K (conductivity) 37520 57775 0.155  3.498  0.076  0.050
t; (Transport #) 0.3787  0.5831  0.0016  0.0353  0.0008  0.0005

Concentration (C) (M) | 0.175  0.1759  0.0001  0.001 0.001 0.001

pH3 « (ion conductivity) 37520 56.147  0.004 0350  0.076  0.050
t; (Transport #) 03985  0.5964  0.0000  0.0037  0.0008  0.0005
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10 mA/cm? 20mA/cm? 30mA/cm? 40 mA/cm? 50 mA/cm?

Fig. A.1. Cross-sectional SEM views of trench after Cu electrodeposition at 10 — 50

mA/cm? under (a) pH 0, (b) pH 1, (c) pH 2, and (d) pH 3 solutions.
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A.4. Conclusion

Increasing the solution pH to 3 by lowing the H>SO4 content enables high-speed
superfilling at up to 50 mA/cm? without the aid of an agitation system. At an elevated
pH, the mass transport rate of Cu®" ion increased while the organic additives behave
similarly. The improved mass transport is ascribed to the rapid migration of Cu®* ions at
the diffusion layer, resulting from the high transport number.

When the pH of the solution was changed, it was confirmed that the decomposition of
additives was changed under the open-circuit condition. In the case of SPS, it was
confirmed that when all of Cu(I)MPS- was oxidized in the solution after 3 days,
decomposition of SPS was inhibited when the solution pH 0 was increased. In the case
of PEG, degradation was fastest at pH 1, and degradation was inhibited at pH 3. This is
predicted to be due to the thermodynamics and kinetics effect of Cu® ion and active
radical (-OH), which are the decomposition factors of the additive in the Cu

electrodeposition solution.
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