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Abstract

Investigation on Copper Electrodeposition:
Impact of Inorganics and Lab-Scale Tool Design

Feng Qiao

In the recent years, copper has been replacing aluminum to be widely used as the
interconnect material in the production of integrated circuit (IC) chips and other
components used in microelectronic semiconductor devices. The copper interconnects are
usually fabricated using a damascene electrochemical deposition process from an acidic
electrolyte (termed plating bath) containing cupric sulfate (CuSO4) as well as several
organic and inorganic constituents. A copper electrodeposition process suitable for
routine integrated circuit (IC) manufacturing must deliver copper films that can
reproducibly fill deep and narrow features (vias and trenches) without any voids or seams.
This can be realized by adding to the plating bath small quantities of selected inorganic
and organic additives which lead to the copper electrodeposition preferentially occurring
at the bottom of the feature, known as “bottom-up fill” or “superfill”. With the continuing
trend towards the miniaturization of microelectronic devices, additives are becoming
more and more critical to the successful application of copper electrodeposition in
producing interconnects. Therefore, the current research focuses on the copper

electrodeposition additives to provide better insight in improving the copper
electrodeposition technique.
The integration of an iron redox couple (Fe(II)/Fe(III)) to traditional copper
plating baths has been shown by previous studies as well as industrial practice to have
several benefits in terms of its impact on anodic reactions and the behavior of several
additives. However, the possible impact of the iron redox couple on direct copper
electrodeposition onto foreign substrate has not received much attention before. Since
direct copper electrodeposition onto non-copper substrates rather than onto a predeposited copper seed layer is emerging as an alternative for future copper interconnect
fabrication, the role of the iron redox couple in the initial process of direct copper
electrodeposition, especially copper nucleation was studied under various experimental
conditions. It was found that the presence of iron redox couple lead to as much as a 5-fold
increase in copper nucleus density, Additional experiments were conducted on emerging
novel substrates, and similar results were achieved in most cases.
In addition to the iron redox couple, we have also investigated how other
inorganics may impact copper nucleus density during direct electrodeposition. The
inorganic constituents we considered included potassium sulfate (K2SO4), magnesium
sulfate (MgSO4), and sodium sulfate (Na2SO4). Such inorganics are usually added to
plating baths primarily to increase electrolyte conductivity. However, our galvanostatic
electrodeposition results showed that K2SO4 and Na2SO4 also increased copper nucleus
density by noticeable amounts. And the impact on the Cu nucleus density from adding
K2SO4, MgSO4, and Na2SO4 could be predicted by the overpotential change during the
electrodeposition.

During the investigation on novel inorganic additives to improve direct Cu
electrodeposition technique, we also tested several novel barrier materials as substrates
for direct Cu electrodeposition. The barrier material is an important factor to ensure high
Cu nucleus density and hence the formation of continuous Cu thin films.
In lab-scale research, it is often desirable to deposit a thin uniform copper film
during the process of studying copper plating additives. However, non-uniformity in film
thickness even across a small length scale often arises. We thus designed and optimized a
simple shielded rotating disk plating setup with the aim of electroplating more uniform
copper films. The uniformity of the electrodeposited copper film is directly related to the
current distribution on the substrate during the electrodeposition process. In our study, a
simulation model was utilized to find the optimum values of the design. Then several
insulating shields were fabricated, and experiments were carried out to compare with
simulation. Results showed that the introduction of an insulating shield was able to
improve the current distribution on the substrate during copper electrodeposition,
although some hydrodynamic issues that were not included in the theoretical simulation
might occur in experiments.
The concentration of certain organic additives in copper plating baths might
change with time during copper electrodeposition, a phenomenon called bath aging. Bath
aging may severely affect the stability of plating performance. A simple and efficient cell
that allows for analyzing aging behavior of certain plating bath compositions is necessary
to provide insight into aging performance of organic additives. Also, the anolyte and
catholyte should be separated during the analysis since anodic and cathodic reactions
might have different impact on the aging of plating additives. We thus designed and

fabricated three novel aging-analysis cells, which might fulfill the above requirements.
The aging behavior of Bis(3-sulfopropyl)-disulfide (SPS), a popular plating additive that
is known to age during copper electrodeposition, was studied with the three cells. The
advantages and disadvantages of each cell were discussed with the preliminary aging
results. The cell that led to the best aging results was selected to be used for future
analysis.
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Chapter 2
Figure 1. Polarization curves for plating baths with PEG (a) and EPE (b). Copper was
pre-deposited onto the Pt rotating disk electrode (RDE) for 4 min at -40 mA/cm2 in a
plating baths containing 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. In the legends,
“Cu” represents CuSO4; “Fe” represents the Fe(III)/Fe(II) redox couple at concentrations
of 0.5 g/L Fe(III) and 12 g/L Fe(II). All the plating baths contain 0.3 M H2SO4 and 1.4
mM HCl. The scan rate is 10 mV/s.
Figure 2. SEM images of copper nuclei on glassy carbon surface for plating bath
composition of (a) VMS1 + 300 ppm PEG and (b) VMS1 + 300 ppm PEG + Fe, in which
“VMS1” designates electrolyte composition of 0.05 M CuSO4, 0.3 M H2SO4 and 1.4 mM
HCl. “Fe” designates paired concentrations of 0.5 g/L Fe3+ and 12g/L Fe2+. An average
thickness of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited
onto glassy carbon at -10 mA/cm2. Magnification of SEM: 5,000.
Figure 3. Nucleus density results as a function of current density. All of the plating baths
contain 0.3 M H2SO4 and 1.4 mM HCl. In the legend: “Cu” represents CuSO4; “PEG”
represents 300 ppm PEG; “Fe” represents Fe(III)/Fe(II) redox couple at concentrations of
0.5 g/L Fe(III) and 12 g/L Fe(II). An average thickness of 7 nm (0.019 C/cm2 charge
passed) copper was galvanostatically deposited onto glassy carbon substrate. Cathodic
current densities have been taken their absolute values.
Figure 4. SEM images of copper nuclei on glassy carbon surface for plating bath
composition of (a) VMS2 + 100 ppm EPE and (b) VMS2 + 100 ppm EPE + Fe, in which
“VMS2” designates electrolyte composition of 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM
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HCl. “Fe” designates paired concentrations of 0.5 g/L Fe3+ and 12 g/L Fe2+. An average
thickness of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited
onto glassy carbon substrate at -10 mA/cm2. Magnification of SEM: 5,000.
Figure 5. Nucleus density results as a function of current density. All the plating baths
contain 0.3 M H2SO4 and 1.4 mM HCl. In the legend: “Cu” represents CuSO4; “EPE”
represents 100 ppm EPE; “Fe” represents Fe(III)/Fe(II) redox couple at concentrations of
0.5 g/L Fe(III) and 12 g/L Fe(II). An average thickness of 7 nm (0.019 C/cm2 charge
passed) copper was galvanostatically deposited onto glassy carbon substrate. Cathodic
current densities have been taken their absolute values.
Figure 6. Nucleus density results under different Fe(III) ion concentration. All the plating
baths contain 100 ppm EPE, 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. An average
thickness of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited
onto glassy carbon substrate at -10 mA/cm2.
Figure 7. SEM images of copper nuclei on Ru coated wafer (without pretreatment) for
plating bath composition of (a) VMS3 + 300 ppm PEG and (b) VMS3 + 300 ppm PEG +
Fe, in which “VMS3” designates electrolyte composition of 0.63 M CuSO4, 0.3 M H2SO4
and 1.4 mM HCl. “Fe” designates paired concentrations of 0.5 g/L Fe3+ and 12 g/L Fe2+.
An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically
deposited onto ruthenium surface at -20 mA/cm2. Magnification of SEM: 40,000.
Figure 8. Nucleus density results for copper deposition onto Ru coated wafer (without
pretreatment). All the plating baths contain 0.3 M H2SO4, 1.4 mM HCl and 300 ppm
PEG. “Cu” represents CuSO4; “Fe” represents the Fe(III)/Fe(II) redox couple with
concentrations of 0.5 g/L Fe(III) and 12 g/L Fe(II). An average thickness of 7 nm (0.019
C/cm2 charge passed) copper was galvanostatically deposited onto ruthenium surface at 20 mA/cm2.
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Figure 9. SEM images of copper nuclei on Ru coated wafer (after pretreatment) for
plating bath composition (a, c) VMS + 300 ppm PEG and (b, d) VMS + 300 ppm PEG +
Fe. An average thickness of 5 nm (a, b), 7 nm (c, d) copper was galvanostatically
deposited at -20 mA/cm2. “VMS” designates electrolyte composition of 0.63 M CuSO4,
0.3 M H2SO4 and 1.4 mM HCl. “Fe” designates paired concentrations of 0.5 g/L Fe3+ and
12 g/L Fe2+. Magnification of SEM: 200,000.
Figure 10. Current density transients for Fe(III) reduction and Cu(II) reduction during the
electrodeposition process(a) and the accumulated current efficiency

of copper

electrodeposition (b) derived by the Contrell equation. The cathodic current density has
been taken its absolute value.
Figure 11. “Potential vs Thickness of copper deposited” curves during galvanostatic
electrodeposition of copper onto glassy carbon surface with cathodic current density of 10 mA/cm2 (a, b) and ruthenium surface with cathodic current density of -20 mA/cm2 (c).
The plating baths all contain 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. (a) and (c)
also contain 300 ppm PEG while (b) contains 100 ppm EPE. “Fe(III)/Fe(II)” represents
the Fe(III)/Fe(II) redox couple at concentrations of 0.5 g/L Fe(III) and 12 g/L Fe(II).
Table I. The change in overpotential due to the addition of the Fe(III)/Fe(II) redox couple
vs the ratio of nucleus density in the presence of this redox couple (N0, Fe) to that in the
absence of this redox couple (N0) under different Cu2+ concentrations, suppressor types
and current densities. “Fe” represents the Fe(III)/Fe(II) redox couple. All the plating
baths contain 0.3 M H2SO4 and 1.4 mM HCl.
Chapter 3
Figure 1. Nucleus density results on different substrates. An average thickness of 7nm
(0.019C/cm2 charge passed) copper was galvanostatically deposited with a current
density of -20 mA/cm2.
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Figure 2. SEM images of copper nuclei on Ru (12 nm) wafer coupon for plating baths of
(a) VMS + PEG and (b) VMS + PEG + Fe. An average thickness of 7nm (0.019C/cm2
charge passed) copper was galvanostatically deposited at -20mA/cm2. Magnification of
SEM: 40,000.
Figure 3. SEM images of copper nuclei on ALD ruthenium and cobalt (3nm, atomic
percent ratio Ru:Co=10:1) wafer for plating baths of (a)VMS + PEG and (b)VMS + PEG
+ Fe. An average thickness of 7nm (0.019C/cm2 charge passed) copper was
galvanostatically deposited at -20mA/cm2. Magnification of SEM: 5,000.
Figure 4. SEM images of copper nuclei on ALD ruthenium and cobalt (3nm, atomic
percent ratio Ru:Co=5:1) wafer for plating baths of (a)VMS + PEG and (b)VMS + PEG
+ Fe. An average thickness of 7nm (0.019C/cm2 charge passed) copper was
galvanostatically deposited at -20mA/cm2. Magnification of SEM:10,000.
Chapter 4
Figure 1. Four stages of Cu film formation on a foreign substrate.
Figure 2. Polarization curves for plating baths with different inorganic species on Cu
RDE. Cu RDE was made by pre-depositing Cu onto a Pt RDE for 4 min at -40 mA/cm2
in a plating baths containing 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. The scan rate
is 10 mV/s.
Figure 3. Potential transient curves for different plating bath compositions during the
galvanostatic electrodeposition of Cu onto Ru coated Si wafer coupons. Plating time was
0.96 s with a current density of -20 mA/cm2.
Figure 4. Nucleus density results of copper electrodeposition onto ruthenium coated
wafer for various plating baths. An average 7 nm thick copper (0.019 C/cm2 charge
passed) was galvanostatically deposited onto ruthenium surface at -20 mA/cm2.
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Figure 5. SEM images of copper nuclei on Ru coated wafer for plating bath compositions
of: (a) VMS + 300 ppm PEG, (b) VMS + 300 ppm PEG + 0.3 M CuSO4 and (c) VMS +
300 ppm PEG + 0.3 M K2SO4, in which “VMS” designates electrolyte composition of
0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. An average thickness of 7 nm (0.019
C/cm2 charge passed) copper was galvanostatically deposited onto ruthenium surface at 20 mA/cm2.
Figure 6. Polarization curves for plating baths with K2SO4 concentrations. A glassy
carbon RDE was used as the substrate. The scan rate is 10 mV/s.
Figure 7. SEM images of copper nuclei on glassy carbon for plating bath compositions
of: (a) VMS + 300 ppm PEG and (b) VMS + 300 ppm PEG + 0.3 M K2SO4, in which
“VMS” designates electrolyte composition of 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM
HCl. An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was
galvanostatically deposited onto ruthenium surface at -20 mA/cm2.
Figure 8. Nucleus density as a function of overpotential on Ru and on glassy carbon. An
average 7 nm thick copper (0.019 C/cm2 charge passed) was galvanostatically deposited
onto ruthenium surface at -20 mA/cm2. All the plating baths contain VMS (0.25 M
CuSO4, 0.3 M H2SO4, and 1.4 mM HCl) and 300 ppm PEG. Added salt is indicated on
the plot.
Chapter 5
Figure 1. The schematic diagram of the plating cell with an insulating shield used in
simulation (a) and the actual plating cell setup used for experiments (b).
Figure 2. (a) Three measurements of the deposit thickness-profile on a single sample.
"Average experimental data" represent the average of the above three measurements. The
sample was deposited without a shield at Wa = 0.394. (b) Comparison between
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normalized experimental data and normalized simulation data for current distribution. Wa
= 0.394.
Figure 3. (a) Normalized thickness profiles for different shield-to-substrate distances
assuming Wa = 0. For reference, results are also shown for a primary current distribution
on a disk without a shield. The radius of the inner hole of the shield is fixed at rho/ro = 0.8;
(b) Minimum normalized thickness and standard deviation of the simulation results for
the corresponding thickness profiles in (a).
Figure 4. Comparison of simulation and experimental results (Wa = 0.394) for h/ro = 0.24
and rho/ro = 0.8 and for a shield-free RDE. To emphasize the impact on uniformity of
electrode kinetics, the simulation results when Wa = 0 are also shown.
Figure 5. Comparison of simulation and experimental results for rho/ro = 0.8, Wa = 0.394
and three shield distances h/ro.
Figure 6. Comparison of simulation and experimental results for different inner radii
(rho/ro = 0.5, 0.8, 1.0) with h/ro = 0.24 and Wa=0.394.
Figure 7. Levich plots for Fe(III) reduction on the Ni RDE. Four shield-to-substrate
distances were investigated: h/ro=0.12, 0.24, 0.36 and 0.48, while rho/ro = 0.8.
Figure

8.

Comparison

between

normalized

mass-transfer

rates

obtained

by

electropolishing with and without a shield. In all cases, rho/ro = 0.8.
Table 1. Geometric parameters for the plating cell with an insulating shield.
Chapter 6
Figure 1. Design of the first aging-analysis cell (Cell 1). (a) side view of the whole
apparatus; (b) top-down view of the flange cover.
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Figure 2. Design of the second aging-analysis cell (Cell 2). (a) side view of the whole
apparatus; (b) front view of the sidewall with an opening.
Figure 3. Design of the third aging-analysis cell (Cell 3). (a) side view of the whole
apparatus; (b) front view of the sidewall with an opening.
Figure 4. Aging results of SPS concentration evolution from Cell 1.
Figure 5. Aging results of SPS concentration evolution from Cell 2.
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Chapter 1

Introduction

Overview of Copper Interconnect Fabrication
Microprocessors and other integrated circuits, which are key parts in the
fabrication of modern microelectronic devices such as computers and cellphones, consist
of a complex circuitry of numerous electronic components all wired together and packed
within an insulating material [1-3]. All of the functional electronic components such as
transistors, diodes and resistors on a chip are connected by conductive materials called
interconnects or wiring [4-6]. Interconnect technology has become one of the most
critical technologies for integrated circuit development. Before the early 1990s, the
common material for fabricating interconnects was pure aluminum (Al), which in certain
cases had small amount of silicon (Si) or copper (Cu) added to improve electrical
reliability [7]. However, pushed by the drive for increasing computing power, following
Moore’s Law, the semiconductor devices were getting more highly integrated, and the
required characteristic scale of interconnects was becoming smaller year by year,
reaching the limit of Al as interconnect material [8, 9]. Therefore, the demand for
interconnect materials with high electrical conductivity and electromigration resistance at
high current densities gradually stood out as an essential factor for the further
development of semiconductor industry [10]. To fulfill the above requirements, Cu was
selected as the interconnect material due to its favorable electrical conductivity (1.67
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𝜇Ω ∙ cm) and superior resistance to electromigration and has been rapidly replacing Al in
producing interconnects ever since 1997 when the first fully integrated device with pure
Cu interconnections was made by IBM [11-16].
The fabrication of Cu interconnects is realized by Cu thin-film deposition onto
substrates. Among the various methods of copper thin-film deposition such as physical
vapor deposition (PVD), chemical vapor deposition (CVD) and sputtering, Cu
electrodeposition (also known as Cu electroplating) technique has been widely adopted in
industrial practice as being least expensive, highly productive and readily adaptable [17,
18]. In a Cu electrodeposition process, Cu is electrodeposited onto a substrate by
applying current or voltage to an electrolyte (plating bath) usually containing cupric
sulfate (CuSO4), sulfuric acid (H2SO4) and various inorganic and organic constituents as
additives [19-21]. This process consists of two steps that are shown in reactions 1 and 2.
𝐶𝑢!! + 𝑒 ⇄ 𝐶𝑢!

(1)

𝐶𝑢! + 𝑒 ⇄ 𝐶𝑢

(2)

The key for successful Cu electrodeposition in creating interconnects is its ability
to fill deep and narrow features (vias and trenches) on the substrate without any defects
(voids and seams). This is accomplished through a superconformal bottom-up Cu filling
process called “superfill” achieved by adding to the plating bath small amounts of several
additives to accelerate the Cu deposition rate at the bottom of the feature while
suppressing the rate of Cu plating at the side walls and the top entry of the features [12,
20, 22-24]. Most common additives utilized to promote Cu “superfill” can be classified
into three categories: deposition suppressor, accelerator, and leveler. The suppressor is a
glycol such as polyethylene glycol (PEG) that decreases Cu deposition rates especially in
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the presence of chloride ions while the accelerator is essentially an organic sulfurcontaining compound like bis-(3-sulfopropy) disulfide (SPS) that weakens the
suppression from suppressors and leads to an accelerated Cu deposition rate. The role of
the leveler which can be an azo dye compound such as Janus Green B (JGB) is mainly to
improve surface topography for following manufacturing steps in IC production [18, 20,
25-27]. As the feature sizes decrease with the miniaturization of electronic devices, the
role of Cu plating additives is becoming more and more critical. The scope of this thesis
is aimed towards improving the understanding of Cu electroplating additives in the
following three directions:
I. Exploring plating bath composition to improve direct Cu electrodeposition
process;
II. Designing plating tools to improve current distribution uniformity of Cu
electrodeposition for lab-scale investigation on Cu plating additives.
III. Designing laboratory cells for characterization of aging of additives in plating
baths.

Direct Copper Electrodeposition
During the fabrication of Cu interconnects, diffusion of Cu into the interlevel
dielectric such as silicon dioxide (SiO2) can cause catastrophic contamination that may
destroy the device functionality [11, 28, 29]. Therefore, a diffusion barrier layer such as
tantalum (Ta) and tantalum nitride (TaN) that separates Cu interconnects and dielectric
materials is currently utilized as the substrate on which Cu interconnects are fabricated
[30, 31]. However, the resistivity of the thin barrier layer such as TaN (200 𝜇Ω ∙ cm) is
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usually too high to electroplate Cu efficiently in the structural features with high aspect
ratio. As a result, a very thin Cu seed layer (<100 nm in thickness) is usually predeposited onto the barrier layer by methods of CVD, PVD, or atomic layer deposition
(ALD) to provide an adhesive base to increase the electrical conductivity of the substrate
for subsequent Cu electrodeposition. But the presence of the above two layers (barrier
layer and Cu seed layer) further reduces the inner volume of trenches for the following
Cu filling, making it more probable to form defects. Therefore, as the size of the feature
structures decreases to sub-70 nm, direct Cu electrodeposition onto barrier layer rather
than Cu seed layer is desired to ensure that no voids inside the trenches are created [28].
The electrodeposition of Cu onto foreign substrates usually occurs via VolmerWeber growth, forming three-dimensional (3D) hemispherical nuclei [32]. Two factors
stand out as more important in determining the success of direct Cu electrodeposition
technique. They are Cu film coalescence thickness, and diffusion barrier layer material.
Cu film coalescence thickness refers to the thickness of Cu deposit when it begins to
form a continuous film on foreign substrates, and is negatively related to the Cu nucleus
density on the substrate. A thinner coalescence thickness is desirable in order to achieve
the “superfill” of Cu within the miniaturizing features, which is equal to achieving a high
nucleus density during the initial Cu nucleation process. Previous studies have shown that
a series of experimental conditions (e.g. plating bath composition, barrier material,
plating form) may influence the Cu nucleus density [24, 33-37]. Despite the already high
nucleus density level currently achieved (~1011 cm-2), ways to further increase of Cu
nucleus density are required for continued progress. Chapter 2 of this thesis discusses an
investigation of the iron redox couple (Fe(III)/Fe(II)) as a novel Cu plating bath additive
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used in the direct Cu electrodeposition process, particularly its impact on the Cu nucleus
density during galvanostatic Cu electrodeposition. Different plating bath compositions,
plating current densities, and substrate materials have been explored. Then, following a
parallel approach, a study of the impact on Cu nucleus density of inorganic constituents,
including sodium sulfate (Na2SO4), potassium sulfate (K2SO4), magnesium sulfate
(MgSO4) and cupric sulfate (CuSO4) is presented in Chapter 4.
Interconnect technologies require a complex set of materials, and the diffusion
barrier material as the substrate for Cu direct electrodeposition is an important component.
Traditionally, the Cu seed/barrier stack is a trilayer consisting of Cu seed layer on top of
Ta (adhesion layer) on top of TaN (barrier layer). In direct Cu electrodeposition, simply
eliminating the Cu seed layer while keeping the currently used barrier material
unchanged is not feasible since Cu nucleation and growth directly on these materials is
difficult or impossible [11, 28, 36]. Hence, a single layer that could serve as both a Cu
diffusion barrier and a Cu directly platable surface is critical to the direct Cu
electrodeposition technique [38]. Ruthenium (Ru) is regarded as a potential barrier
material due to its relatively high electronic conductivity as well as immiscibility with Cu
[23]. During our research on inorganics as presented in Chapter 2 and 4, we utilized Ru
as one of the substrates for Cu electrodeposition. The high nucleus density results,
especially after a pre-treatment process that reduces a native oxide layer, have in turn
confirmed its feasibility in serving as a barrier material. In addition, Chapter 3 of this
thesis briefly reviews the atomic layer deposition (ALD) method as a promising
fabrication method for novel barrier layers in the direct Cu electrodeposition technique.
Our collaboration with Prof. Eric Eisenbraun allowed us to test the Cu electrodeposition
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(with and without the iron redox couple) onto several ALD-fabricated barrier materials.
The results not only broadened our knowledge of the iron redox couple as a Cu plating
additive, but also in turn reflected the feasibility of applying candidate barrier materials in
direct Cu electrodeposition.

Lab-scale Tool to Improve Current Distribution
In the process of studying the impact of additives within a research lab, a uniform
metal thin film of several micrometers in thickness is usually required. However, in a
typical electrodeposition setup, film thickness may vary. Although advanced and
complex industry-scale Cu plating tools that ensure certain thickness-uniformity-level of
deposited Cu thin films have been developed and utilized in the semiconductor industry
as a result of intense research as well as numerous investment, they cannot be used
directly in a research lab due to the high cost and space limit. Therefore, an improvement
in the traditional lab-scale Cu plating apparatus that is able to enhance thickness
uniformity of Cu deposit across small length scale is necessary to facilitate the study of
Cu electrodeposition additives. In Chapter 5 of this thesis, we present the design of an
insulating shield that can be easily attached to a traditional electrodeposition setup and its
impact on improving current distribution during Cu electrodeposition. Simulation was
first attempted to obtain optimum design parameters as guidance to the fabrication of
shields, and predictions were compared by experimental results. More importantly, the
impact of the shield on fluid flow of the plating bath, which was not captured in the
simulation, was studied in experiments.
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Plating Bath Aging
Organic additives have widely been used in Cu electroplating baths to ensure
“superfill” of Cu deposits in features in the fabrication of Cu interconnects. The length of
plating time varies for different plating purposes and applications. However, despite their
desirable impact on improving Cu electrodeposition, it is known that certain additives
such as SPS (an accelerator) and 4,5-dithiaoctane-1,8-disulphonic acid (a brightener) are
not stable in the plating bath during electrodeposition or even when it is not in operation
[39-41]. This gradual change in structure and concentration of additives in the plating
bath with time is known as additive aging. Additive aging affects the stability of
electroplating performance of plating baths. However, in many cases, the use of certain
additives that are known to have aging effects is inevitable in order to achieve required
Cu filling. Therefore, investigations of the aging are necessary for predicting plating
performance as well as to improve their use in manufacturing. In addition, the anode and
cathode of the electroplating cell usually affect the aging of additives. Hence in Chapter 6
of this thesis, we describe plating cell designs that separate catholyte and anolyte into two
compartments with the aim of constructing a simple lab-scale process for accelerated and
accurate detection of additive aging. Preliminary results are presented.
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Chapter 2

The Effect of Fe(III)/Fe(II) Redox Couple on Nucleus Density during
Copper Electrodeposition Process1

Abstract
Achieving high nucleus density is key to the success of direct electrodeposition of
copper in small, high-aspect-ratio features. The impact of the Fe(III)/Fe(II) redox couple
on the nucleus density during the galvanostatic electrodeposition of copper is investigated.
Scanning electron microscopy (SEM) is utilized to observe the copper nuclei on the
sample surface. Experimental data show that the addition of the iron redox couple can
increase the nucleus density by a factor of 3 to 5. This enhancement however, is not
strongly correlated with an increase in overpotential. Additionally, CuSO4 concentration,
substrate material, suppressor type and current density have also been shown to influence
the nucleus density.

Introduction
Due to its low electrical resistivity (1.67 µμΩ ∙ cm) and favorable resistance to
electromigration, copper has largely replaced aluminum as the primary filling material for
producing on-chip interconnects. Traditionally, a thin Cu seed layer is pre-deposited onto
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a stack of substrate layers (such as a TaN diffusion barrier layer and a Ta adhesion layer
on top of that TaN layer for sticking the Cu seed layer) beyond dielectric to provide an
adherent base for subsequent copper deposition and also to increase the electrical
conductivity of the substrate. Then copper is electrochemically deposited to fill the highaspect-ratio features[22, 28]. As feature sizes shrink, the stack of diffusion barrier layer
and Cu seed layer (for example, TaN-Ta-Cu seed stack) begins to take up a larger portion
of the feature size. Previously, it was possible to achieve such stack of layers by
shrinking the thickness of both the barrier layer and the Cu seed layer. However, as the
feature sizes further decrease, especially below 30 nm, it becomes increasingly difficult
or even impossible to obtain a thinner and uniform seed layer corresponding to this scale
using methods such as physical vapor deposition (PVD) and chemical vapor deposition
(CVD)[22]. Therefore, significant attention has been focused on the electrodeposition of
copper directly onto diffusion barrier materials without a Cu seed layer. However,
diffusion barrier materials usually provide significantly different platforms for copper
nucleation and growth[28]. As a consequence, initial copper nucleation and growth mode
of copper may play a crucial role in the final deposited copper film[42].
Sometimes, it is assumed that copper nuclei follow a 3D-hemispherical growth
mode. Copper nuclei coalesce when adjacent nuclei grow and impinge on each other[43].
Therefore, for a given amount of copper, a higher nucleus density results in a closer
distance between two adjacent nuclei, allowing copper nuclei to coalesce at thinner
thickness. Quantitatively, copper film coalescence thickness (bcoal, nm) can be
approximately related to nucleus density (N, cm-2) through the following relation:
𝑏!"#$ = (2 𝑁)!! [7]. Many studies have explored means of increasing the nucleus

	
  

9	
  

density. The influences of plating bath composition (such as cupric sulfate concentration
and sulfuric acid concentration)[17, 28, 44, 45], barrier material (TaN, Ru, etc.)[28, 32,
35, 36, 46] and plating form (DC vs pulsed plating) [24, 37] have been investigated.
Others have studied the impact of organic additives (primarily used as suppressors to
achieve the “superfill” in high-aspect-ratio features) on nucleus density[37, 47-50].
Among the organic additives, polyethylene glycol (PEG) and an PEG-PPG-PEG triblock
copolymer (EPE) have been shown able to increase the nucleus density[37]. This study is
focused on further increasing the nucleus density beyond that achieved by the presence of
PEG or EPE.
Recently, the Fe(III)/Fe(II) redox couple has found application in copper plating
baths for printed circuit board (PCB) production[51]. Several advantages in PCB level
metallization have been studied, such as realizing the use of dimensionally stable anodes
and a comparatively higher copper deposition rate inside the via[52]. A previous study by
Volov et al indicates that the inhibition effect on copper deposition achieved by PEG is
not affected by the Fe(III)/Fe(II) redox couple at low current densities (<3 mA/cm2)[51].
In this study, we show the impact of the Fe(III)/Fe(II) redox couple on nucleus
density during the initial process of galvanostatically electrodepositing copper onto three
substrates: glassy carbon, ruthenium coated silicon wafer without pretreatment and
ruthenium coated silicon wafer with pretreatment. To achieve a more comprehensive
view of the influence of this redox couple, different organic additives, CuSO4
concentrations and plating current densities have been investigated.

Experimental
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Polarization curves for the plating baths were measured on both a glassy carbon
rotating disk electrode (RDE) (Pine instrument) and a lab-fabricated Ru coated wafer
RDE. The rotation speed was set to be 900 rpm. For each specific plating bath, a linear
sweep voltammetry was carried out from 0.2 V to -0.3 V (vs Ag/AgCl reference electrode
(RE)) with a scan rate of 10 mV/s. A platinum wire (Alfa Aesar) was used as a counter
electrode (CE).
Several glassy carbon plates (Alfa Aesar) and a Ru coated Si wafer (Lam
Research) with Ru (10 nm in thickness) deposited by PVD method were used as working
electrodes (WE) in the galvanostatic electrodeposition experiments. The sheet resistance
of the Ru coated wafer was measured to be 38.89 Ω/☐ using a four-point probe. Glassy
carbon plates were cut into coupons with a dimension of 1.5 cm × 1.5 cm using an
IsoMet® low speed saw (Buehler) while the Ru coated wafer was cleaved into 1 cm × 1
cm coupons. Each coupon was mounted onto one end of a copper strip (2 cm × 3 cm in
dimension) using silver paste (Ted Pella). Then the mounted coupon together with the
copper strip was covered by Kapton tape leaving a circular region on the coupon surface
with a diameter of 6 mm for glassy carbon and 3 mm for Ru coated wafer. The other end
of the copper strip was exposed for electrical contact to a potentiostat. This preparation
process may help to minimize the resistance between the electrical contact (a copper clip)
and the exposed circular area.
Furthermore, studies have shown that an oxide layer formed on the ruthenium
surface when exposed to air may hinder the copper nucleation process[35, 37]. Therefore,
some experiments were carried out by pretreating the exposed ruthenium surface at 0.375 V vs Ag/AgCl RE (Basi Re-5) for one minute in a pretreatment solution containing
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1.8 M H2SO4 (EMD Chemicals) and 50 ppm Cl- (added as 1.4 mM HCl (Fisher
Scientific)). After pretreatment, samples were transferred into the plating bath with an
air-exposure time of less than 3 s. Although air exposure might cause oxide growth, its
impact within such short time was not believed to significantly affect the pretreatment
result[37].
A CuSO4 (Fisher Scientific) electrolyte with 0.3 M H2SO4 and 50 ppm Cl- (added
as 1.4 mM HCl) was used as the plating bath. Four CuSO4 concentrations were
investigated: 0.05 M, 0.25 M, 0.5 M and 0.63 M. Each plating bath contains one kind of
suppressor, either 300 ppm PEG (3350 g/mol, Fisher Scientific) or 100 ppm EPE (2000
g/mol, Sigma-Aldrich). For the investigation of the effect of the Fe(III)/Fe(II) redox
couple, the Fe(II) and Fe(III) were introduced to select plating baths with paired
concentrations of 12 g/L Fe(II) added as 59.5736 g/L FeSO4·5H2O (Sigma Aldrich) and
0.5 g/L Fe(III) added as 1.7852 g/L Fe2(SO4)3 (Sigma Aldrich).
Electrodeposition experiments were controlled using an EcoChemie type III µ
Autolab potentiostat. The average thickness of copper being deposited was estimated
through Faraday’s law by assuming 99% current efficiency when no iron redox couple is
present. The copper deposition experiments were carried out with a three-electrode
system in a beaker set-up with no agitation of the electrolyte. A Ag/AgCl RE was used to
measure the cathodic potential, and a platinum wire was used as the CE. Either a glassy
carbon coupon or a Ru coated wafer coupon was used as the WE. The distance between
the WE and CE was maintained approximately at 1.5 cm while that between WE and RE
was about 0.5 cm. The authors focused on galvanostatic electrodeposition experiments
and investigated four different cathodic current densities: -5 mA/cm2, -10 mA/cm2, -15
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mA/cm2 and -20 mA/cm2. The experiments were carried out within 1 s after emerging the
WE into the plating baths. Also the WE was firstly removed from the plating bath within
1 s after the completion of electrodeposition, flushed with deionized water and dried by
nitrogen. Therefore, the dissolution of the deposited copper back into the plating solution
was assumed negligible.
For samples with large nuclei sizes, a scanning electron microscope (SEM,
Hitachi 4700) was used to observe the copper nuclei on the sample. SEM images were
captured from six different locations of the same sample, one at the center and the other
five surrounding the center about 1 mm away from it, to estimate the average nucleus
density for each sample. At least three experiments were carried out under each specific
experimental condition to ensure reproducibility of nucleus density data. For samples
with much higher nucleus density, the authors also utilized a Hitachi 4800 SEM, with a
cold field emission source, to capture higher resolution images of the nuclei.

Results and Discussion
Fig. 1 shows three series of polarization curves for all the plating baths used in
this study. The WE used in Fig. 1a and Fig. 1b was a glassy carbon RDE while a Ru RDE
was used in Fig. 1c as the WE. In the glassy carbon substrate case, for the PEGcontaining baths (Fig. 1a), at each CuSO4 concentration, the curves are shifted to a more
positive potential at low cathodic current densities (|current density| < 2 mA/cm2) in the
presence of the iron redox couple. This is due to the reduction of the Fe(III) ions to Fe(II)
ions which has more positive equilibrium potential than that of the reduction of Cu(II) to
Cu. The limiting current density of the Fe(III) reduction estimated from the Levich
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equation is about -3 mA/cm2. At higher cathodic current densities (|current density| > 2
mA/cm2), the polarization curves with and without the redox couple are almost identical
for all CuSO4 concentrations at cathodic current densities smaller than -15 mA/cm2. In
the EPE-containing baths (Fig. 1b), the curves with the redox couple are both shifted to a
more negative potential by more than 10 mV at higher cathodic current densities. In the
Ru substrate case (Fig. 1c), the sharp drop in current density between -0.2 V and -0.1 V is
associated with attaining a full coverage of a Cu film on Ru. Since we only care about the
initial copper nucleation, we can only focus on the part of the potential range more
positive than where such current density drop occurs. At -20 mA/cm2, the only current
density used in copper electrodeposition onto Ru coated wafer, the introduction of the
iron redox couple shifts the polarization curves more negatively by almost 20 mV. The
increase in overpotential is usually regarded as a driving force for the increase in nucleus
density[53, 54].

Nucleus density results of copper deposition onto glassy carbon substrates
Fig. 2 shows a representative pair of SEM images of copper deposited onto glassy
carbon from a PEG-containing plating bath with and without the Fe(III)/Fe(II) redox
couple. The other experimental conditions were kept the same: 0.05 M CuSO4, 0.3 M
H2SO4, 1.4 mM HCl and 300 ppm PEG. As shown in Fig. 2, the addition of the iron
redox couple leads to an increase in the nucleus density. The nuclei in both the images
develop an irregular shape, possibly because the nucleus densities are sufficiently low in
both cases that the growth rates are in the diffusion-limited control regime, and thus
instabilities arise[55].
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The nucleus density data obtained in PEG-containing plating baths on glassy
carbon substrate are summarized in Fig. 3. It shows that for 0.05 M and 0.25 M CuSO4
concentrations, the addition of the Fe(III)/Fe(II) redox couple increases the nucleus
density by a factor of 3 to 5 for all of the current densities tested. However, for 0.5 M
CuSO4, the addition of the iron redox couple results in a slight decrease in nucleus
density at -5 mA/cm2 and has little effect on nucleus density at -15 mA/cm2. The above
observations in the PEG-containing baths cannot be well explained from the polarization
curves (Fig. 1a) since no obvious increase in overpotential is observed.
As shown in Fig. 3, a smaller cupric sulfate concentration results in higher
nucleus density, which is consistent with the trend in Fig. 1a that the polarization curves
are shifted to more negative values for lower CuSO4 concentrations. Additionally, this
trend agrees with a study by Grujicic et al who investigated copper nucleation in a plating
bath without any organic additives[17].
A pair of SEM images of copper nuclei deposited onto glassy carbon from an
EPE-containing plating bath (0.5 M CuSO4, 0.3 M H2SO4, 1.4 mM HCl and 100 ppm
EPE) with and without the Fe(III)/Fe(II) redox couple are shown in Fig. 4. Again, a clear
increase in the nucleus density due to the addition of the iron redox couple is observed.
The nuclei are more hemispherical in shape than those shown in Fig. 2, because the
nucleus density is larger in this case. This leads to a lower growth rate of the individual
particles since the total applied current is distributed over a larger number of particles and
the nucleus growth is likely to fall in the mix kinetic/diffusion control regime[55].
The experimental results obtained for glassy carbon in plating baths containing
EPE are summarized in Fig. 5. It indicates that the addition of the redox couple results in
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an increase in the nucleus density by 3 to 5 times for both 0.5 M and 0.25 M CuSO4
plating baths. The reason for this behavior might be partially explained by the
polarization curves (Fig. 1b). According to Fig. 1b, the addition of the iron redox couple
shifts the polarization curves corresponding to both the 0.25 M and 0.5 M CuSO4 by
more than 10 mV in the range of -5 mA/cm2 to -15 mA/cm2. Such an increase in
overpotential might act as part of the driving force in increasing nucleus density.
However, in contrast to the results obtained with PEG, Fig. 5 shows that, in the presence
of EPE, higher CuSO4 concentration results in higher nucleus density. In addition, by
comparing Fig. 3 and Fig. 5, it can be confirmed that EPE usually results in higher
nucleus density than that from PEG-containing plating bath, probably because the
overpotential in the presence of EPE is substantially higher, indicating a stronger
suppression effect.

Effect of Fe(III) concentration on nucleus density
The effect of the Fe(III) ion concentration on nucleus density on glassy carbon
substrate is shown in Fig. 6. All the plating baths contain 100 ppm EPE, 0.25 M CuSO4,
0.3 M H2SO4 and 1.4 mM HCl. Four Fe(III) ion concentrations (0 g/L, 0.25 g/L, 0.5 g/L
and 1 g/L) have been investigated. As shown in Fig 6, 0.25 g/L Fe(III) has little effect on
nucleus density while 0.5 g/L and 1 g/L Fe(III) both result in a factor of 3 to 5 increase in
nucleus density. This suggests that there might be an minimum Fe(III) concentration
beyond which its effect on nucleus density becomes obvious.

Nucleus density results of copper deposition onto Ru coated wafer substrate
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In the case of the Ru coated wafer substrate without pretreatment, Fig. 7 shows a
pair of SEM images of copper deposited from a PEG-containing plating bath (0.63 M
CuSO4, 0.3 M H2SO4, 1.4 mM HCl and 300 ppm PEG) with and without the Fe(III)/Fe(II)
redox couple. The increase in nucleus density from the addition of iron redox couple still
exists. The nucleus densities on Ru coated wafer are on the order of 100 times larger
than those on glassy carbon surface under the same conditions (Fig.2 and 4). At such high
nucleus density, for a given current density, the growth rate of each nucleus is not fast
and is likely to be under mix kinetic/diffusion control, and therefore the particles are
more hemispherical[55].
Results for the PEG-containing baths are summarized in Fig. 8. Consistent with
the glassy carbon results, the nucleus density is increased by a factor of 3 to 5 in the
presence of the iron redox couple. Such behavior might also be partially explained by the
polarization curve (Fig. 1c) since the curves corresponding to the redox-couplecontaining baths are shifted more negatively by about 20 mV for both Cu2SO4
concentrations of 250 mM and 630 mM. In addition, a smaller cupric sulfate
concentration results in a higher nucleus density.
Ruthenium exhibits a thin oxide layer on the surface when it is exposed to air,
which may be detrimental to the nucleation of Cu. Electrochemical pretreatment of the
Ru surface can reduce this oxide[56], allowing for a higher nucleus density. In Fig. 9, a
series of SEM images of copper deposited onto pretreated Ru coated wafer from a PEGcontaining bath (0.63 M CuSO4, 0.3 M H2SO4, 1.4 mM HCl and 300 ppm PEG) with and
without the iron redox couple are shown. Fig. 9a and 9b represent 5 nm-thick copper
deposits while Fig. 9c and 9d represent 7 nm-thick deposits. From Fig 9, it is obvious that
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the pretreatment significantly increases the nucleus density for all the plating bath
conditions. The nucleus densities are so high that it is difficult to distinguish the
individual nucleus, rendering it difficult to accurately count nucleus density under such
conditions. However, closer inspection shows the nuclei in Fig. 9b and 9d seem to be
smaller and further coalesced than those in Fig. 9a and 9c, indicating that the nucleus
density obtained in the presence of the iron redox couple is higher. Furthermore, a simple
attempt to roughly estimate the nucleus density by focusing on several smaller areas of
each SEM image and counting the corresponding nuclei suggests that the presence of iron
redox couple might increase the nucleus density by about 1.5 to 2 times (from 4×10!!
cm-2 without redox couple to 6×10!! cm-2 with redox couple) under pretreatment
conditions.

Electrochemical analysis of the nucleation process
We assume two reduction reactions occur at the cathode (Reaction 1 and 2) in the
presence of the Fe(III)/Fe(II) redox couple while only one (Reaction 2) occurs in the
absence of the iron redox couple:
Fe!! + e! → Fe!!

(1)

Cu!! + 2e! → Cu

(2)

For a given amount of charge passed, the current efficiency for copper deposition is
lower for the plating baths with the iron redox couple than those without. The equilibrium
potential for Reaction 1 (0.468V vs Ag/AgCl RE) is more positive than that for Reaction
2 (0.114V vs Ag/AgCl RE), the applied current is therefore preferentially distributed to
Reaction 1. As the Fe(III) concentration is comparatively low (~0.008 M), the rate of
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Reaction 1 soon falls into the diffusion limited control regime and at short times can be
approximated by the Cottrell equation:
i!" =

!!!",! !

(3)

!!

where iFe is the current density of Reaction 1; F is the Faraday constant; 𝑐!",! is the
initial concentration of the Fe(III) ions; D is the diffusion coefficient for the Fe(III) ion;
and t is time.
Assuming D = 6.7×10!!    cm2/s[57] for the Fe(III) ion, the current density
transients for Fe(III) reduction and Cu(II) reduction within the first second of the copper
electrodeposition process with a constant current density of -20 mA/cm2 is shown in Fig.
10a and the current efficiency of copper deposition is shown in Fig. 10b. The current
efficiency of copper deposition is defined here as the charge that has gone to copper
plating divided by all the charge that has been applied to the system as shown in Equation
4. As seen from Fig. 10b, the current efficiency is initially small and reaches about 88%
at the end.
ε=

!
! !"
! !"

!!"" ∙!

=

!
(!
!! )!"
! !"" !"

!!"" ∙!

(4)

where 𝜀 is the current efficiency of copper deposition; iCu is the current density of
Reaction 2; iapp is the applied current density.
Since copper nucleation occurs within a very short time scale (1 ~ 2 s), other
short-term process such as the adsorption of suppressor might be taken into consideration.
A study by Willey et al shows that the adsorption of the suppressor PEG on the substrate
surface occurs within 0.5 sec [21], an appreciable time compared to the length of the
experiments (1 ~ 2 s). Therefore, it is necessary to investigate the potential transient
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during the nucleation process in addition to the polarization curve. Since the addition of
the iron redox couple reduces the current efficiency of copper deposition (Fig. 10b), the
authors instead plot “potential vs thickness of deposited copper”. The thickness of the
deposited copper is given by Equation 5:
!

b=

!∙ ! !!" !"
!"!

=

!!!!"" ∙!
!"!

(5)

where b is the thickness of the deposited copper; M is the molecular weight of copper; n
is the number of electrons transferred; 𝜌 is the density of copper.
Three of the “potential vs thickness of deposited copper” curves are shown in Fig.
11. In each curve, the cathodic potential increases at first until a maximum value (Umax)
and then decreases to a comparatively stable value. This is typical of galvanostatic
electrodeposition of copper to form a new phase[58, 59].
As shown in Fig. 11, the curve corresponding to the iron-redox-couple-containing
bath begins with a more positive potential and finishes with a more negative potential.
The initial positive potential shift in the iron-redox-couple-containing baths is the result
of the Fe(III) reduction reaction (Reaction 1), which agrees with polarization curves (Fig.
1). The difference in potential in the PEG-containing bath (Fig. 11a) is not consistent
with the polarization curves (Fig. 1a). In contrast, the final negative shift of the potential
in the presence of the iron redox and EPE is similar to the potential shift in the
polarization curves in Fig. 1b. The difference in the results between PEG and EPE
suppressors might be due to the different adsorption times. As reported in a study by
Gallaway et al, it takes longer time for EPE to adsorb onto the substrate (~0.8 s) than that
for PEG (~0.4 s)[27]. However, the influence of adsorption of different suppressors in the
presence of iron redox couple needs further confirmation.
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Table I summarizes results by showing nucleus density enhancement from the
redox couple. For the Ru coated wafer substrate, the overpotential increase is around 10
mV while the ratios of nucleus densities are around 3. For the glassy carbon substrate,
although the increase in overpotential is bigger, it is within 50 mV for most cases. A
study by Radisic et al shows that a 50 mV increase in overpotential results in about 1.2 to
2.0 time increase in nucleus density in a CuSO4 plating bath[60]. Thus, the increase in the
nucleus density in this study may not only be due to the increase of overpotential caused
by the iron redox couple. Other impacts from the redox couple are likely and deserves
further investigation[61].

Conclusions
The impact of the Fe(III)/Fe(II) redox couple on the galvanostatic
electrodeposition of copper from acidic copper plating baths was examined using a three
electrode system in a beaker setup. For most of the cases, the iron redox couple is found
to result in 3 to 5 time increase in the nucleus density on both glassy carbon and Ru
coated wafer. The impact of the iron redox couple on the overpotential may partially but
not fully explain the nucleus density results. In addition, lower CuSO4 concentration
tends to result in higher nucleus density in the presence of the suppressor PEG but
exhibits an opposite trend in the presence of the suppressor EPE.

List of symbols
bcoal: copper film coalescence thickness in unit nm
N: nucleus density in unit cm-2
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iFe: current density of Fe(III) being reduced to Fe(II) in unit mA/cm2
F: Faraday constant, 96485 C/mol
C!",! : initial concentration of the Fe(III) ions in unit M
D: diffusion coefficient for the Fe(III) ion in unit cm2/s
t: time in unit s
ε: current efficiency of copper deposition
iCu: current density of copper deposition in unit mA/cm2
iapp: applied current density in unit mA/cm2
b: thickness of deposited copper in unit nm
M: molecular weight of copper, 63.546 g/mol
n: number of electrons transferred in copper deposition reaction, 2
ρ: density of copper, 8.96 g/cm3
Umax: maximum cathodic potential in the potential vs thickness of copper deposited
curves in unit V

	
  

22	
  

Figure 1

(a)

(b)

(c)

Figure 1. Polarization curves for plating baths with PEG (a) and EPE (b). Copper was predeposited onto the Pt rotating disk electrode (RDE) for 4 min at -40 mA/cm2 in a plating baths
containing 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. In the legends, “Cu” represents CuSO4;
“Fe” represents the Fe(III)/Fe(II) redox couple at concentrations of 0.5 g/L Fe(III) and 12 g/L
Fe(II). All the plating baths contain 0.3 M H2SO4 and 1.4 mM HCl. The scan rate is 10 mV/s.
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Figure 2

(a)

(b)

Figure 2. SEM images of copper nuclei on glassy carbon surface for plating bath composition of
(a) VMS1 + 300 ppm PEG and (b) VMS1 + 300 ppm PEG + Fe, in which “VMS1” designates
electrolyte composition of 0.05 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. “Fe” designates paired
concentrations of 0.5 g/L Fe3+ and 12g/L Fe2+. An average thickness of 7 nm (0.019 C/cm2 charge
passed) copper was galvanostatically deposited onto glassy carbon at -10 mA/cm2. Magnification
of SEM: 5,000.
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Figure 3

Figure 3. Nucleus density results as a function of current density. All of the plating baths contain
0.3 M H2SO4 and 1.4 mM HCl. In the legend: “Cu” represents CuSO4; “PEG” represents 300
ppm PEG; “Fe” represents Fe(III)/Fe(II) redox couple at concentrations of 0.5 g/L Fe(III) and
12 g/L Fe(II). An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was
galvanostatically deposited onto glassy carbon substrate. Cathodic current densities have been
taken their absolute values.
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Figure 4

(a)

(b)

Figure 4. SEM images of copper nuclei on glassy carbon surface for plating bath composition of
(a) VMS2 + 100 ppm EPE and (b) VMS2 + 100 ppm EPE + Fe, in which “VMS2” designates
electrolyte composition of 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. “Fe” designates paired
concentrations of 0.5 g/L Fe3+ and 12 g/L Fe2+. An average thickness of 7 nm (0.019 C/cm2
charge passed) copper was galvanostatically deposited onto glassy carbon substrate at -10
mA/cm2. Magnification of SEM: 5,000.
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Figure 5

Figure 5. Nucleus density results as a function of current density. All the plating baths contain 0.3
M H2SO4 and 1.4 mM HCl. In the legend: “Cu” represents CuSO4; “EPE” represents 100 ppm
EPE; “Fe” represents Fe(III)/Fe(II) redox couple at concentrations of 0.5 g/L Fe(III) and 12 g/L
Fe(II). An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically
deposited onto glassy carbon substrate. Cathodic current densities have been taken their absolute
values.
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Figure 6

Figure 6. Nucleus density results under different Fe(III) ion concentration. All the plating baths
contain 100 ppm EPE, 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. An average thickness of 7
nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited onto glassy carbon
substrate at -10 mA/cm2.
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Figure 7

(a)

(b)
Figure 7. SEM images of copper nuclei on Ru coated wafer (without pretreatment) for plating
bath composition of (a) VMS3 + 300 ppm PEG and (b) VMS3 +3 00 ppm PEG + Fe, in which
“VMS3” designates electrolyte composition of 0.63 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl.
“Fe” designates paired concentrations of 0.5 g/L Fe3+ and 12 g/L Fe2+. An average thickness of 7
nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited onto ruthenium surface
at -20 mA/cm2. Magnification of SEM: 40,000.

	
  

29	
  

Figure 8

Figure 8. Nucleus density results for copper deposition onto Ru coated wafer (without
pretreatment). All the plating baths contain 0.3 M H2SO4, 1.4 mM HCl and 300 ppm PEG. “Cu”
represents CuSO4; “Fe” represents the Fe(III)/Fe(II) redox couple with concentrations of 0.5 g/L
Fe(III) and 12 g/L Fe(II). An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was
galvanostatically deposited onto ruthenium surface at -20 mA/cm2.
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Figure 9

(a)

(b)

(c)

(d)

Figure 9. SEM images of copper nuclei on Ru coated wafer (after pretreatment) for plating bath
composition (a, c) VMS + 300 ppm PEG and (b, d) VMS + 300 ppm PEG + Fe. An average
thickness of 5 nm (a, b), 7 nm (c, d) copper was galvanostatically deposited at -20 mA/cm2.
“VMS” designates electrolyte composition of 0.63 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl.
“Fe” designates paired concentrations of 0.5 g/L Fe3+ and 12 g/L Fe2+. Magnification of SEM:
200,000.
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Figure 10

(a)

(b)

Figure 10. Current density transients for Fe(III) reduction and Cu(II) reduction during the
electrodeposition process(a) and the accumulated current efficiency of copper electrodeposition
(b) derived by the Contrell equation. The cathodic current density has been taken its absolute
value.
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Figure 11

(a)

(b)

(c)

Figure 11. “Potential vs Thickness of copper deposited” curves during galvanostatic
electrodeposition of copper onto glassy carbon surface with cathodic current density of -10
mA/cm2 (a, b) and ruthenium surface with cathodic current density of -20 mA/cm2 (c). The
plating baths all contain 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. (a) and (c) also contain
300 ppm PEG while (b) contains 100 ppm EPE. “Fe(III)/Fe(II)” represents the Fe(III)/Fe(II)
redox couple at concentrations of 0.5 g/L Fe(III) and 12 g/L Fe(II).
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Table I
CuSO4
Substrate

conc.

Current
Suppressor

(mA/cm2)

(M)
Glassy

density

Increase in
Potential w/o

overpotential

“Fe” (V)

due to “Fe”

N0, Fe/N0

(mV)

0.05

PEG

-10

-0.219

49

2.9

0.25

PEG

-10

-0.075

20

5.6

0.5

PEG

-10

-0.056

15

0.6

0.25

EPE

-10

-0.239

20

3.3

0.5

EPE

-10

-0.207

30

6.2

Ru

0.25

PEG

-20

-0.072

14

3.4

Ru

0.63

PEG

-20

-0.100

7

2.9

carbon
Glassy
carbon
Glassy
carbon
Glassy
carbon
Glassy
carbon

Table I. The change in overpotential due to the addition of the Fe(III)/Fe(II) redox couple vs the
ratio of nucleus density in the presence of this redox couple (N0, Fe) to that in the absence of this
redox couple (N0) under different Cu2+ concentrations, suppressor types and current densities.
“Fe” represents the Fe(III)/Fe(II) redox couple. All the plating baths contain 0.3 M H2SO4 and 1.4
mM HCl.
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Chapter 3

Study of Fe(III)/Fe(II) Redox Couple during Copper Electrodeposition
onto Novel Diffusion Barrier Layers2

Abstract
The development and progress of utilizing atomic layer deposition (ALD) method
to fabricate novel copper diffusion barrier layer materials for direct copper
electrodeposition technique was briefly reviewed. Five barrier materials obtained by the
plasma enhanced ALD (PEALD) technique were tested under galvanostatic
electrodeposition of copper in terms of copper nucleus density. The impact of the
Fe(III)/Fe(II) redox couple on copper nucleation onto these novel barrier materials was
investigated. It was concluded that copper nucleation process is significantly influenced
by the substrate material. The impact of the iron redox couple on copper nucleus density
remains.

Introduction
Ever since 1997 when the first microelectronic device with pure copper (Cu)
interconnect was fabricated, Cu has been rapidly replacing aluminum as the first-choice
material for making interconnects in the semiconductor industry [17, 24, 50]. The
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synthesis of Cu interconnects is realized by electrodeposition of Cu from an
electrodeposition bath containing cupric sulfate (CuSO4) and other constituents which
mainly help improve the Cu filling of the features on the substrates [20, 22, 26].
Traditionally, the substrate for Cu electrodeposition consists of three layers which are
(from the bottom to the top): the dielectric material, a Cu diffusion barrier layer such as
tantalum/tantalum nitride (Ta/TaN) that prevents the contamination of dielectric due to
Cu diffusion, and a thin Cu seed layer deposited by non-electrochemical methods (e.g.
electroless deposition and sputtering) to provide adhesion as well as increase conductivity
for the subsequent electrodeposition of Cu [62-65]. However, as the feature sizes shrink
with the advancement of technology to meet the requirements of the International
Technology Roadmap for Semiconductors (ITRS), the stack of the Cu seed layer and the
barrier layer began to occupy much larger portion of the feature size, rendering it more
challenging for defect-free Cu fill within the features [35, 38]. As a result, considerable
attention has been paid to eliminating the use of Cu seed layer and directly
electrodepositing Cu onto barrier materials [23, 33, 61]. In this technique, the
requirements for Cu diffusion barrier materials have become stricter. An ideal barrier
material to be implemented in the Cu direct electrodeposition process should not only be
able to avoid Cu diffusion into the underlying dielectric but also serve as an adhesion
promoter and platable surface for Cu electrodeposition [38, 66].
Since the conventional barrier materials such as Ta/TaN usually possess high
sheet resistance especially when the film thickness of the barrier layer is below 50 nm
[67], investigations of novel barrier materials with desired properties has been plentiful
among academia. One of the promising barrier layer deposition methods is atomic layer
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deposition (ALD).

ALD is a thin film deposition technique based on sequentially

exposing selected chemical precursors to the surface of a growth substrate to form thin
films. Under ALD, the film grows by one atomic layer at a time, allowing for the precise
control of film thickness over a small length scale of below 3 nm [38, 68, 69]. ALD is
carried out mainly in two ways: thermal ALD and plasma-enhanced ALD (PEALD).
Thermal ALD utilizes heat to overcome the energy barrier of decomposing precursors
while PEALD uses a plasma instead [70]. Both methods can result in thin films with
similar properties. However, PEALD allows for the operation to occur at lower
temperatures compared to thermal ALD, which is considered an advantageous feature of
applying PEALD in semiconductor manufacturing since microelectronics are usually
sensitive to high temperature [38, 71].
Prof. Eric Eisenbraun’s research group in State University of New York has been
studying PEALD in fabricating novel barrier layer for direct plating applications for years
and has achieved fruitful outcomes. Starting with ruthenium (Ru), a promising candidate
to be used as barrier material due to its higher thermal and electrical conductivity
compared to Ta while having similar negligible solubility with Cu, they have successfully
fabricated various Ru-containing-mixed-phase PEALD films such as Ru-WCN, Ru-TaN
that exhibit even better conductivity, more smoothness and conformity than pure Ru. In
addition, by manipulating metal ratios within the mixed phase films, improved plating
results can be achieved on ultrathin films as thin as 3 nm [38, 66, 72, 73].
Recently, Prof. Eisenbraun’s group initiated a new study fabricating Ru-Co
(ruthenium-cobalt) mixed phase PEALD films along with determining their feasibility in
direct Cu electrodeposition technique. In collaboration with Prof. Eisenbraun’s group, we
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applied our nucleation and characterization process on some of their PEALD samples and
helped provide insight in judging the performance of candidate materials in terms of Cu
nucleus density. In return, we also were able to extend our study of the impact of an iron
redox couple on copper nucleus density that was recognized in our previous research to
these novel barrier materials.

Experimental
Five kinds of barrier material deposited on silicon wafers by PEALD method
were provided by Prof. Eisenbraun’s group. They are 12 nm thick Ru (designated as M1),
2 nm thick Ru (designated as M2), 3 nm thick Ru-Co with atomic ratio of Ru:Cu=10:1
(designated as M3), 3 nm thick Ru-Co with atomic ratio of Ru:Cu=5:1 (designated as
M4), and 2 nm thick Ru-Co with atomic ratio of Ru:Cu=5:1 (designated as M5). The
barrier material coated wafers were cleaved into 1 cm × 1 cm coupons. Each coupon was
mounted onto one end of a copper strip (2 cm × 3 cm in dimension) using silver paste.
Then the mounted coupon together with the copper strip was covered by Kapton tape
leaving a circular region on the coupon surface with a diameter of 3 mm. The other end
of the copper strip was exposed for electrical contact to a potentiostat. Such preparation
process has proven to minimize the resistance between the electrical contact (a copper
clip) and the exposed circular area.
A plating bath containing 0.63M CuSO4, 0.3M H2SO4, 1.4mM HCl, and 300ppm
PEG (suppressor) was used for electrodeposition experiments. As for the investigation of
the effect of the Fe(III)/Fe(II) redox couple, the Fe(II) and Fe(III) ions were introduced to
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select plating baths with paired concentrations of 12 g/L Fe(II) added as 59.5736 g/L
FeSO4·5H2O and 0.5 g/L Fe(III) added as 1.7852 g/L Fe2(SO4)3.
Galvanostatic electrodeposition experiments were controlled using an EcoChemie
type III µ Autolab potentiostat. The average thickness of copper being deposited was
estimated through Faraday’s law by assuming 99% current efficiency when no iron redox
couple was present. The copper deposition experiments were carried out with a threeelectrode system in a beaker setup with no agitation of the electrolyte. A Ag/AgCl
reference electrode (RE) was used to measure the cathodic potential, and a platinum wire
was used as the counter electrode (CE). The different wafer coupons were used as the
working electrodes (WE) in different experiments. The distance between the WE and CE
was maintained approximately at 1.5 cm while that between WE and RE was about 0.5
cm. The cathodic current density was fixed at -20 mA/cm2. The experiments were carried
out within 1 s after immersing the WE into the plating baths. Also the WE was firstly
removed from the plating bath within 1 s after the completion of electrodeposition,
flushed with deionized (DI) water, and dried by nitrogen. Therefore, the dissolution of the
deposited copper back into the plating solution was assumed negligible.
A scanning electron microscope (SEM, Hitachi 4700) was used to observe the
copper nuclei on the sample. SEM images were captured from six different locations of
the same sample, one at the center and the other five surrounding the center about 1 mm
away from it, to estimate the average nucleus density for each sample. At least three
experiments were carried out under each specific experimental condition to ensure
reproducibility of nucleus density data
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Results and Discussion
During the electrodeposition, we were unable to successfully plate Cu onto the
M2 or M5 substrate. The other three substrates worked well. Figure 1 shows the nucleus
density results for Cu nucleation onto these three substrates. First of all, the nucleus
density varies with different substrate materials, with M1 (12 nm thick Ru) substrate
resulting in the highest nucleus density. The other substrates resulted in nucleus density
levels above 1x107 cm-2, thus still being promising in serving as a substrate for direct Cu
electrodeposition. More importantly, by comparing the nucleus densities from a plating
bath with and without the Fe(III)/Fe(II) redox couple (other conditions kept the same), an
increase in the nucleus density by a factor between 3 and 4 was achieved for all three
substrates, which is in consistent with the conclusions in Chapter 2. Hence, the impact of
the iron redox couple on copper nucleus density remains stable for various foreign
substrates.
Fig. 2, 3, and 4 present three pairs of SEM images of copper nuclei plated from
“VMS + PEG” and “VMS + PEG + Fe” plating baths onto different substrates. Here
“VMS” represents the electrolyte composition of 0.63M CuSO4, 0.3M H2SO4 and 1.4mM
HCl; “PEG” represents 300 ppm PEG; and “Fe” represents the Fe(III)/Fe(II) redox
couple with paired concentrations of 12 g/L Fe(II) and 0.5 g/L Fe(III). By comparing
within each pair of SEM images, the nuclei from the iron-redox-couple-free plating baths
are all fewer and larger in size than those from the corresponding iron-redox-couplecontaining plating baths on the same substrate. However, the nuclei shown in Fig. 2 are
much rounder in size while those shown in Fig. 3 and 4 start to develop dendritic shapes.
This might be due to the fact that nucleus densities in both Fig. 2a and 2b are so high that
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the growth of copper nuclei has not reached the diffusion-limited regime. In contrast, the
nucleus densities indicated in Fig. 3 and Fig. 4 might be low enough for the nucleus
growth rate to fall into the diffusion-limited regime, where instability in nucleus growth
arises.

4. Conclusions
A galvanostatic electrodeposition process coupled with post SEM characterization
was utilized to investigate the feasibility of several candidate novel barrier materials in
the application of the direct electrodeposition of Cu process. Successful deposition was
achieved on three of the five barrier materials provided by Prof. Eisenbraun’s group.
Furthermore, the impact of an iron redox couple on increasing copper nucleus density
during galvanostatic Cu electrodeposition is constant with the results of Chapter 2, with
an increase in density by a factor of 3 to 4.
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Figure 1

Figure 1. Nucleus density results on different substrates. An average thickness of 7nm
(0.019C/cm2 charge passed) copper was galvanostatically deposited with a current density of -20
mA/cm2.
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Figure 2

(a)

(b)

Figure 2. SEM images of copper nuclei on Ru (12 nm) wafer coupon for plating baths of (a) VMS
+ PEG and (b) VMS + PEG + Fe. An average thickness of 7nm (0.019C/cm2 charge passed)
copper was galvanostatically deposited at -20mA/cm2. Magnification of SEM: 40,000.
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Figure 3

(a)

(b)

Figure 3. SEM images of copper nuclei on ALD ruthenium and cobalt (3nm, atomic percent ratio
Ru:Co=10:1) wafer for plating baths of (a)VMS + PEG and (b)VMS + PEG + Fe. An average
thickness of 7nm (0.019C/cm2 charge passed) copper was galvanostatically deposited at 20mA/cm2. Magnification of SEM: 5,000.

	
  

44	
  

Figure 4

(a)

(b)

Figure 4. SEM images of copper nuclei on ALD ruthenium and cobalt (3nm, atomic percent ratio
Ru:Co=5:1) wafer for plating baths of (a)VMS + PEG and (b)VMS + PEG + Fe. An average
thickness of 7nm (0.019C/cm2 charge passed) copper was galvanostatically deposited at 20mA/cm2. Magnification of SEM:10,000.
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Chapter 4

The Impact of Cations on Nucleus Density during Copper
Electrodeposition

Abstract
High nucleus density is among the most important factors in determining the
success of the direct-copper-electrodeposition technique. A group of inorganic species
including potassium sulfate (K2SO4), sodium sulfate (Na2SO4), magnesium sulfate
(MgSO4), and copper sulfate (CuSO4) were investigated in terms of their impact on
copper nucleus density during galvanostatic electrodeposition of copper onto foreign
substrates. Newly formed copper nuclei on the substrate were observed using scanning
electro microscopy (SEM) and then manually counted to obtain nucleus density data.
Results show that in the presence of K2SO4, copper nucleus density can be increased by a
factor of 5 to 6. Also it was confirmed that higher cupric ion (Cu2+) concentration tends
to decrease nucleus density.

Introduction
Since its first application as interconnects in the semiconductor industry in 1997,
copper (Cu), with its lower resistivity that leads to decreased resistance-capacity (RC)
delay, has been replacing the historically dominant interconnect material aluminum (Al).

	
  

46	
  

The formation of a continuous and void-free Cu thin film is key to the fabrication of Cu
interconnects in microelectronics. Among the various techniques of Cu thin film
deposition such as chemical vapor deposition (CVD), physical vapor deposition (PVD)
and sputtering, the electrodeposition method stands out as least expensive, easily
compatible and highly productive [17, 18, 74, 75]. In a typical dual damascene process,
prior to the bulk electrodeposition of Cu, a thin Cu seed layer (~20 nm thick) is deposited
usually by sputtering or atomic layer deposition (ALD) onto the foreign barrier layer that
covers the underlying features [75-77]. However, as the feature sizes of the integrated
circuits are driven by Moore’s Law to decrease year by year, it has become more
challenging to form a continuous Cu seed layer onto the miniaturized features especially
when they are below 30 nm in size. Therefore, in the recent years, much attention has
been focused on directly electrodepositing Cu onto barrier layers [9, 37, 49, 53].
Since foreign substrates possess significantly different platforms for copper
nucleation and growth, the initial stages of Cu electrodeposition may serve an important
role in determining the quality of the final Cu film [28, 42]. As shown in Fig. 1, the
formation of a Cu film on a foreign substrate consists of four stages (nucleation; nucleus
growth; start of coalescence; and film formation) assuming that Cu nuclei follow a threedimensional (3D) hemispherical growth mode. The nucleus density in Stage I directly
influences the thickness of the newly formed film in Stage IV, with higher nucleus
density leading to thinner film thickness. Furthermore, the coalescence thickness bcoal is
inversely proportional to the square root of the nucleus density N: 𝑏!"#$ ∝ 𝑁 !!.! .
Therefore, a high nucleus density is the prerequisite to obtaining a thin and void-free Cu
film. Many experimental conditions have been investigated in order to increase the
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nucleus density such as cupric ion (Cu2+) concentration, acid concentration, organic
additives, barrier material, and the rate and waveform of the plating [11, 17, 28, 32-36].
Others have also studied the impact of inorganic species which is primarily used as
background electrolyte for improving electrolyte conductivity: Grujicic et al reported that
the background electrolyte (sodium sulfate, Na2SO4) influenced the copper nucleation
mechanism as well as the morphology of copper nuclei; Majidi et al reported that the
background electrolyte (potassium sulfate, K2SO4) may cause electrodeposition of Cu to
occur at more negative potentials [74]; and Nagar et al have shown that some
compositions of cupric sulfate (CuSO4) , chloride ion (Cl-) and sulfuric acid (H2SO4) may
result in high nucleus density [34]. However, most previous studies on inorganic species
were conducted under potentiostatic condition while galvanostatic method is
predominantly used in industry. In addition, a systematic investigation of the relation
between the inorganic species and Cu nucleus density is lacking.
In this work, we show the impact of several inorganic ions on the nucleus density
during the initial stage of direct copper electrodeposition onto two substrates (glassy
carbon and ruthenium coated silicon wafer) under galvanostatic operation. Results are
interpreted with electrochemical analysis and show that nucleus density can be correlated
with overpotential, which varies with the cation of the supporting electrolyte.

Experimental
Polarization curves of the plating baths were measured on both a lab-fabricated
Cu rotating disk electrode (RDE) and a glassy carbon RDE (Pine Instrument) with a
rotation speed of 900 rpm. The Cu RDE was made by pre-depositing Cu onto a platinum
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(Pt) RDE (Pine Instrument) at a current density of -40 mA/cm2 in a plating bath
containing 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl for 4 min with a rotation speed
of 900 rpm. In each experiment, a linear sweep voltammetry (LSV) was carried out from
0.2 V to -0.4 V (vs Ag/AgCl reference electrode (RE)) with a scan rate of 10 mV/s using
an EcoChemie type III µ Autolab potentiostat.
Several glassy carbon plates (Alfa Aesar) and a ruthenium (Ru) coated silicon (Si)
wafer (Lam Research) were used as working electrodes (WE) in the electrodeposition
experiments. The Ru coated Si wafer was covered by 10 nm thick Ru using PVD method,
and its sheet resistance was measured to be 38.9 Ω/☐ using a four-point probe. Glassy
carbon plates were cut into coupons with a dimension of 1.5 cm x 1 cm using an IsoMet®
low speed saw (Buehler) while the Ru coated wafer was cleaved into coupons of the
same dimension with a diamond scriber. Then each coupon was attached to one end of a
copper strip (2 cm x 3 cm in dimension) using silver paste (Ted Pella). The copper strip
with the coupon was covered by Kapton tape leaving a circular region on the coupon
surface with a diameter of 3 mm by a hole-punch tool. The preparation process proved to
help minimize the resistance between the electrical contact and the exposed area,
resulting in reproducible potential transients during galvanostatic electrodeposition
experiments.
An acidic electrolyte with 0.25 M CuSO4 (Fisher Scientific), 0.3 M H2SO4 (EMD
Chemicals) and 50 ppm Cl- (added as 1.4 mM HCl (Fisher Scientific)) was used as the
main plating bath (termed VMS). In industrial production, a small amount of one or
several organic additives categorized as suppressor, leveler and so forth are usually
utilized in the plating bath to help achieve specific goals such as bottom-up filling or so-
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called “super filling” of Cu within high-aspect-ratio features. Polyethlylene glycol (PEG)
is among the commonly used additives as a suppressor and has been extensively
characterized [21]. In order to approximate industrial application, 300 ppm PEG was
added to all the plating baths. The inorganic species investigated in this study are sodium
sulfate (Na2SO4), potassium sulfate (K2SO4), magnesium sulfate (MgSO4), and CuSO4. A
series of candidate plating baths were made by separately adding another 0.3 M of one of
the above inorganic species to the VMS.
Electrodeposition experiments were controlled using an EcoChemie type III µ
Autolab potentiostat. The galvanostatic electrodeposition method was chosen in order to
be consistent with industrial application and because the applied current density is a key
parameter to control nucleation rates. Current density was fixed at -20 mA/cm2. Plating
time was set to 0.96 s, the value calculated from Faraday’s law to form a 7 nm thick Cu
film (0.019 C/cm2 charge passed) by assuming 100% current efficiency. The
electrodeposition experiments were conducted in a beaker set-up with three electrodes:
working electrode (WE), counter electrode (CE), and reference electrode (RE). A
Ag/AgCl RE was used to measure the potential of the WE, and a Pt wire was used as the
CE. Either a glassy carbon coupon or a Ru coated wafer coupon was used as the WE in
each experiment. The distance between the WE and CE was ~2 cm while that between
the WE and RE was ~0.5 cm. The electrodeposition experiment started after immersion
of the WE into the plating bath, after making sure there was no bubble on the WE surface.
Then, within 1 s after the completion of electrodeposition, the WE was removed from the
plating bath, flushed with deionized (DI) water, and dried with pure nitrogen (N2).
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Therefore, the dissolution of the deposited Cu back to the plating bath was assumed to be
negligible.
A Hitachi 4700 scanning electron microscope (SEM) was used to observe copper
nuclei on the samples. For each sample, six SEM images were captured from six different
locations on the sample to estimate its average nucleus density. In order to ensure data
reproducibility of nucleus density, at least three samples were made under the same
experimental condition.

Results and Discussion
Fig. 2 shows the polarization curves for plating baths with different inorganic
species on a Cu RDE. For all the curves, a reduction current commences at around 0 V vs
RE. At the current density of -20 mA/cm2 which was used in electrodeposition
experiments, the addition of Na2SO4, K2SO4, and MgSO4 to the 300 ppm PEG –
containing VMS all increase the cathodic overpotential by over 10 mV, with K2SO4
resulting in the highest overpotential increase of ~70 mV, Na2SO4 resulting in ~50 mV
increase, and MgSO4 resulting in ~15 mV increase. In contrast, an additional amount of
CuSO4 has no obvious impact on the overpotential. It has been known that the
overpotential serves as an important driving force for increasing nucleus density [54, 61].
Specifically, the copper nucleus density is usually assumed to increase exponentially with
overpotential. There are several physical assumptions that may lead to this expectation,
depending on the relative rates of nucleation and growth. It may be hypothesized that
𝑁 = 𝑎 ∙ exp
!"
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(Instantaneous nucleation)

(1)

(Progressive nucleation)

(2)

in which N is the nucleus density, 𝜂 is the cathodic overpotential, t is time, F is Faraday
constant, R is the gas constant, T is the temperature, and a, b, a’ and b’ may be assumed
to be constants. In this paper, we assume the Cu nucleation follows instantaneous
nucleation mode. Therefore, the polarization curves shown in Fig. 2 might serve as an
indication for the possible impact of those inorganic species on copper nucleus density.
Fig. 3 shows the potential transients during electrodeposition experiments from
the corresponding plating baths as described in Fig. 2. The five curves in Fig. 3 share
similar characters: there is a sudden overshoot of cathodic overpotential to a maximum
value within the first 10 ms and this is possibly due to the double layer charging and the
initial nucleation, then the overpotential decreases, after which the overpotential slowly
increases to approach a stable value determined by the growth rate of existing nuclei as
well as possibly further nucleation. Compared to the potential transients from plating bath
containing only VMS and 300 ppm PEG, the overpotential during the Cu
electrodeposition increases when 0.3 M Na2SO4, K2SO4, or MgSO4 is present in the
plating bath, while the overpotential decreases slightly when another 0.3 M CuSO4 is
added. All of the changes in overpotential (either increase or decrease) due to adding
Na2SO4, K2SO4, MgSO4, or CuSO4 are similar to the results obtained by potential sweeps,
shown in Fig. 2.
Fig. 4 shows the Cu nucleus density results on Ru coated wafer coupons for the
five plating baths mentioned above. The plating bath containing only VMS and 300 ppm
PEG results in a nucleus density of ~2.7×10! cm-2, while addition of Na2SO4, K2SO4,
and MgSO4 all increase the nucleus density. However, the degree of increase depends on
the species. MgSO4 results in a very slight increase with a factor of less than 1.5. Na2SO4
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introduces an increase of nucleus density by a factor of 2 to 2.5, while K2SO4 increases
by an even bigger factor of 5 to 6. By comparing the nucleus density results with the
overpotential results in Fig. 2 and Fig. 3, the order of the increase in nucleus density
appears to increase with overpotential, and this manner might be predictable as shown
later in Fig. 8. In contrast to the addition of the other sulfate salts, a slight decrease in
nucleus density from ~2.7×108 cm-2 to ~1.5×108 cm-2 is seen when the CuSO4
concentration is increased from 0.25 M to 0.55 M. This impact of CuSO4 concentration is
consistent with several previous studies [17, 34].
Fig. 5 shows three SEM pictures of copper nuclei on Ru coated wafer coupons
from three plating baths: (a) VMS + 300 ppm PEG, (b) VMS+300 ppm PEG+0.3 M
CuSO4 and (c) VMS+300 ppm PEG+0.3 M K2SO4. In the presence of K2SO4, there are
noticeably more Cu nuclei deposited as shown in Fig. 5c than those shown in Fig. 5a and
5b. All the nuclei in Fig. 5 appear to be nearly circular in shape, suggesting 3D
hemispherical nucleus growth mode. In addition, although the nucleus density varies
among these three plating baths, the size of the nuclei is similar to each other, especially
in Fig. 5a and 5c. Since a fixed amount of charge was applied for all the experiments, the
different nucleus density combined with similar nuclei sizes might indicate that the
current efficiency in the initial process of Cu electrodeposition varies, possibly due to
hydrogen (H2) evolution.
Since K2SO4 electrolyte may yield the largest increase in nucleus density, the
authors conducted further investigation on K2SO4-containing baths on glassy carbon
substrates. Fig. 6 shows a series of polarization curves for plating baths with different
K2SO4 concentrations on a glassy carbon RDE. At the cathodic current of -20 mA/cm2,
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the plating bath with 0.1 M K2SO4 results in the same overpotential with the K2SO4-free
electrolyte. An increase of ~60 mV in overpotential occurred when K2SO4 concentration
increases to 0.3 M, which is similar to the previous ~70 mV increase on Ru coated wafer.
In the plating bath with 0.5 M K2SO4, the overpotential was increased by ~90 mV.
Therefore, the increase in overpotential from K2SO4 increases as the K2SO4 concentration
increases.
Fig. 7 shows two SEM images of copper nuclei deposited on glassy carbon
coupons for plating baths without K2SO4 (Fig. 7a) and with 0.3 M K2SO4 (Fig. 7b)
respectively. The average nucleus density for Fig. 6a is 4.4×10! cm-2 while that for Fig.
6b is 2.0×10! cm-2. Therefore, an increase factor of ~5 in nucleus density that is similar
to the case for Ru substrate is also achieved, and thus can also be related to the
overpotential increase due to the addition of 0.3 M K2SO4 shown in Fig. 6. However, the
nuclei on glassy carbon as shown in Fig. 7 develop irregular dendrite-like shapes,
possibly because the nucleus density on glassy carbon is low enough for the nucleus
growth rate to be under diffusion-limited control, where instability tends to arise [32, 55].
Fig. 8 shows a summary plot of the nucleus density results versus the measured
overpotential ( 𝜂 ) during Cu electrodeposition. If nucleus density is affected by
overpotential as described in Eqn. 1, then log 𝑁 ∝ 𝜂 . This seems to be confirmed by the
linear relationship between log N and 𝜂 on both glassy carbon and Ru substrates in Fig.
8. By comparing the two plots in Fig. 8, there is a shift to higher overpotential for the two
experimental conditions (no additional inorganics and 0.3 M K2SO4) on glassy carbon
than that for the corresponding conditions on Ru. This is possibly due to the much lower
nucleus densities on glassy carbon than those on Ru under the same experimental
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conditions. In addition, the constant parameter b in Eqn. 1 can be calculated from the
slopes of the trend lines in Fig. 8. Under the experimental temperature of 298.15 K, b =
0.56 on Ru, and b = 0.53 on glassy carbon, thus b can be considered the same for both
cases. In contrast, a value of b = 1.7 was used in investigating the impact of PEG additive
by Emekli et al[61]. This quite different slope was obtained by considering the impact of
introducing the organic suppressor PEG into plating baths. It was concluded that the
impact of addition of organic was not solely interpretable through understanding its
impact on overpotential, without considering also direct interactions between PEG and
the Cu plating process that is simply manifested in overpotential. In the present study, all
plating baths contain PEG, and by doing this we have simply isolated the impact of the
cation in the supporting electrolyte and how it impacts overpotential. By comparing Fig.
6 and 8, an extrapolation of log N vs 𝜂 curve on glassy carbon substrate in Fig. 8 would
suggest another 7x increase in nucleus density might be achievable at a higher K2SO4
concentration of 0.5 M. Finally, one must also consider whether the addition of any other
cation into the electrolyte would have any practical implications, such as introduction of
impurities into a manufacturing environment.

Conclusions
The impact of added cation species on nucleus density during Cu galvanostatic
electrodeposition onto Ru was investigated. Na2SO4, K2SO4, and MgSO4 were shown to
all impact Cu nucleus density in a manner that correlates with their impact on
overpotential. Na2SO4, when added a concentration of 0.3 M, increases nucleus density
by a factor of 2 to 2.5, K2SO4 increases it by a factor of 5 to 6, and MgSO4 had a small
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impact. Furthermore, the impact of K2SO4 on Cu nucleus density remains the same on
glassy carbon substrate.

List of Symbols
N: Cu nucleus density in unit cm-2
bcoal: coalescence thickness in unit nm
𝜂: cathodic overpotential in unit V
t: time in unit s
F: Faraday constant, 96485 C/mol
R: gas constant, 8,314 J/(mol K)
T: temperature in unit K
a, b, a’ and b’ : constants used in nucleation equations
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Figure 1

Figure 1. Four stages of Cu film formation on a foreign substrate.
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Figure 2

Figure 2. Polarization curves for plating baths with different inorganic species on Cu RDE. Cu
RDE was made by pre-depositing Cu onto a Pt RDE for 4 min at -40 mA/cm2 in a plating baths
containing 0.5 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. The scan rate is 10 mV/s.
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Figure 3

Figure 3. Potential transient curves for different plating bath compositions during the
galvanostatic electrodeposition of Cu onto Ru coated Si wafer coupons. Plating time was 0.96 s
with a current density of -20 mA/cm2.
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Figure 4

Figure 4. Nucleus density results of copper electrodeposition onto ruthenium coated wafer for
various plating baths. An average 7 nm thick copper (0.019 C/cm2 charge passed) was
galvanostatically deposited onto ruthenium surface at -20 mA/cm2.
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Figure 5

(a)

(b)

(c)

Figure 5. SEM images of copper nuclei on Ru coated wafer for plating bath compositions of: (a)
VMS + 300 ppm PEG, (b) VMS + 300 ppm PEG + 0.3 M CuSO4 and (c) VMS + 300 ppm PEG +
0.3 M K2SO4, in which “VMS” designates electrolyte composition of 0.25 M CuSO4, 0.3 M
H2SO4 and 1.4 mM HCl. An average thickness of 7 nm (0.019 C/cm2 charge passed) copper was
galvanostatically deposited onto ruthenium surface at -20 mA/cm2.
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Figure 6

Figure 6. Polarization curves for plating baths with K2SO4 concentrations. A glassy carbon RDE
was used as the substrate. The scan rate is 10 mV/s.
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Figure 7

(a)

(b)
Figure 7. SEM images of copper nuclei on glassy carbon for plating bath compositions of: (a)
VMS + 300 ppm PEG and (b) VMS + 300 ppm PEG + 0.3 M K2SO4, in which “VMS” designates
electrolyte composition of 0.25 M CuSO4, 0.3 M H2SO4 and 1.4 mM HCl. An average thickness
of 7 nm (0.019 C/cm2 charge passed) copper was galvanostatically deposited onto ruthenium
surface at -20 mA/cm2.

	
  

63	
  

Figure 8

Figure 8. Nucleus density as a fuction of overpotential on Ru and on glassy carbon. An average 7
nm thick copper (0.019 C/cm2 charge passed) was galvanostatically deposited onto ruthenium
surface at -20 mA/cm2. All the plating baths contain VMS (0.25 M CuSO4, 0.3 M H2SO4, and 1.4
mM HCl) and 300 ppm PEG. Added salt is indicated on the plot.
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Chapter 5

A Shielded Rotating Disk Setup With Improved Current Distribution3

Abstract
In contrast to wafer-scale experiments that can employ a sophisticated and well
optimized plating tool, coupon-scale studies of electrodeposition can be hindered by poor
current distribution. The impact on primary current distribution and mass transfer of an
insulating shield that can readily be used in a rotating disk setup is presented. Numerical
simulations were employed to design an insulating shield assuming mass-transfer
resistances were negligible. Several designs were fabricated and characterized using
copper electrodeposition as the electrochemical reaction. Numerical and experimental
results are consistent, and the shield is a convenient and effective way to achieve more
uniform current distribution. However, the shield disturbs the uniform mass-transfer rates
to the substrate surface that are achieved with a rotating disk. Rates are characterized
experimentally, and design tradeoffs are discussed.

Introduction
Copper, with its low electrical resistivity (1.67 µμΩ ∙ cm) and good resistance to
electromigration, is an important wiring material for the production of on-chip
interconnects. However, in order to follow Moore's law, the required feature size
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3	
  Work	
  in	
  this	
  chapter	
  was	
  carried	
  out	
  in	
  collaboration	
  with	
  Xiaoxuan	
  Sun.	
  
	
  

65	
  

continues to shrink, even below 10 nm [9]. Further reduction of feature sizes will
continue to impose stricter requirements on film properties [78]. Additives and operating
conditions can have an enormous impact on both mechanical and electrical film
properties [79-81], and the need remains for beaker-scale systems to characterize
electrodeposition processes as the electrolyte composition is modified [82]. Often,
however, such studies are hampered by poor uniformities in film thickness across the
substrate [83]. The uniformity of electrodeposited copper film is directly related to the
local current density through Faraday's law. While copper films were characterized, the
cell can be used to study other electrochemical processes. For example, Lee et al
investigated shielding for MEMS application and showed that the current distribution can
be efficiently modified to be more uniform with the use of an insulating shield [82].
In this study, we improved the design to achieve more uniform current
distribution, and we demonstrated that the shielding design can be readily achieved with a
rotating disk setup. Copper electrodeposition experiments were carried out on couponscale substrates (wafer fragments) to compare with simulation results. Experiments and
simulations are in good agreement, in part because we operate at a small fraction of the
limiting current density. While plating processes may often be designed to minimize
concentration variations of reactant within the electrolyte, the impact of additives may be
more significantly influenced by mass-transfer rates [21, 84], which are perturbed by the
shield. We thus characterized the overall mass-transfer rate by using a ferri-ferrocyanide
redox couple [85], and the spatial variation in mass-transfer rate by copper
electropolishing under conditions of mass-transfer control [86].
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Mathematical Model
Fig. 1 shows the schematic diagram of the plating cell with an insulating shield
used in the simulation (a) and the actual plating cell setup used for experiments (b). All
the geometric parameters shown in Fig. 1 are listed in Table 1. The radius of the exposed
area on the wafer coupon ro was chosen as the characteristic length of the system and was
fixed to 10 mm. In the simulations, the other geometric parameters were made
dimensionless by dividing by ro.
Several assumptions are applied to simplify the simulation, while also being
consistent with experiment. Most importantly, the electrolyte is assumed to be well mixed.
Under such conditions, the current density is given by Ohm's law:
𝑖 = −𝜅∇𝜙

(1)

in which i is the current density, 𝜅 is the electrolyte conductivity, and 𝜙 is the electrical
field in the electrolyte. By conservation of charge, the electrical field in the electrolyte is
determined by Laplace's equation:
∇! 𝜙 = 0

(2)

On any insulating surface such as the wafer holder and the insulating shield, the
gradient component of the electrical potential normal to the surface is zero:
𝒏 ∙ ∇𝜙 = 0

(3)

in which n is the normal unit vector to the corresponding surface. On the counter
electrode (anode) surface, a uniform current density is assumed:
! ∙!

! !
𝒏 ∙ ∇𝜙 = − !∙!
!

(4)

in which ic is the applied cathodic current density, Ac is the surface area of the working
electrode (cathode), and Aa is the surface area of the counter electrode (anode). While it
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may not be achieved in the experiment, the boundary condition (4) ensures that the
desired spatial-average current density is achieved on both the working and counter
electrodes. Since the counter electrode is far away from the working electrode, this
imposed constraint does not impact the simulated current distribution on the working
electrode.
On the working electrode (cathode) surface, Tafel kinetics is assumed:
!"
!"

=

!!
!

𝑒𝑥𝑝[−

!! !(!!!)
!"

]

(5)

in which z is the axial coordinate and its direction is set normal to the working electrode
surface, io is the exchange current density, 𝛼! is the cathodic charge transfer coefficient,
F is Faraday constant, V is the potential on the working electrode, T is the temperature,
and R is the gas constant. We assume that the substrate is an ideal conductor (i.e., no
terminal effect [87] so that V is constant)
Simulation results depend only on the geometric parameters as well as the Tafel
Wagner number of the system, which as described by Newman [88], can be given by:
𝑊𝑎 ! =

!"#
!! !! !! !

(6)

in which the working electrode radius ro is taken as the characteristic length of the system.
A boundary element method (BEM) validated, for example, by Lee et al [82] was
employed for the simulation. As shown in Fig. 1a, the simulation was carried out by
assuming an axisymmetric problem in a cylindrical computational region with a
dimensionless radius of 5 and an overall height corresponding also to a dimensionless
distance of 5. The computational region thus consists of eight sub-regions: the anode
surface, the cathode surface, the insulating coupon holder surface, the surface of a
hypothetical “insulating wall”, and the four surfaces (upper, lower, outer, and inner) of
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the insulating shield. On the cathode surface, 100 node points were used (and constant
elements were assumed [82]). On the insulator region next to the cathode, 100 node
points were used for 1 < r/ro < 2, and an additional 100 node points were used for 2 < r/ro
< 5. Along all other surfaces, only 20 nodes were used on each of them, and numerical
experiments confirmed that this sparse spacing had insignificant impact on calculated
current distribution. Once the sets of equations were generated in matrix form, Gaussian
elimination using the subroutine MATINV [88] was used for solving the system of
equations.

Experimental
Fig. 1b shows the actual plating cell setup that was used for the experiments. The
shield was installed to the coupon holder by use of plastic bolts and nuts
(plasticnutsandbolts.com), allowing the insulating shield to rotate at the same speed as the
holder. Simulation results show that the distance between the shield and the coupon
surface h and the inner radius of the shield rho were the two most important geometric
parameters. The distance h was controlled by the number of nuts (each is 1.2 mm thick).
Insulating shields with varying inner radii were made from plexiglass (ePlastics) by use
of a laser cutter. For each of the other geometric parameters, values that were considered
in the simulations were constrained in part by factoring in considerations such as ease of
fabrication and are listed in Table 1. The distance between the anode and the shield is set
to ~50 mm so that the impact of the anode on the current distribution on the cathode can
be safely ignored.
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Copper was electrodeposited at 25 °C from a plating bath containing 0.63 M
cupric sulfate (CuSO4∙5H2O, Fisher Scientific) and 0.3 M sulfuric acid (H2SO4, EMD
Chemicals). This electrolyte composition has been widely used in the Cu
electrodeposition process and has a current efficiency of nearly 100%. The electrical
conductivity of this electrolyte at 25 °C has been reported to be 115 mS/cm [89]. By
setting the cathodic charge transfer coefficient 𝛼! to 0.5, the Wagner number of the
experiment calculated from Equation (6) is 0.394.
The electrodeposition experiments were controlled using an EcoChemie type III µ
Autolab potentiostat. The Cu film was deposited galvanostatically at the cathodic current
density of -15 mA/cm2. The plating time was calculated through Faraday's law to deposit
a Cu film with an average thickness of 5000 nm assuming 100% current efficiency. The
rotation speed of the coupon holder was 300 rpm. The working electrode (WE) was a 2.5
cm × 2.5 cm coupon cleaved from a Si wafer with a Cu seed layer (45 nm thick) on the
surface. The WE was attached to the coupon holder with copper tape to provide good
electrical conductivity. Kapton tape was used to cover part of the wafer coupon, leaving
an exposed circular region with a radius of 10 mm in the center to fix the effective WE
area. The counter electrode (CE) was a platinum mesh (Fisher Scientific) located at the
bottom of the plating bath container, facing directly toward the shield at a distance of ~50
mm. The plating bath container was a beaker with a volume of 1000 mL. The WE was
removed from the plating cell within 1 s of completion of the electrodeposition
experiment, rinsed with deionized (DI) water and then dried with pure nitrogen gas (N2,
Tech Air). Then half of the circular Cu deposit on the sample was covered with Kapton
tape and the other half was completely removed by immersion into 70% nitric acid
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(HNO3, Alfa Aesar) to "expose" the center point of the circular deposit for the thicknessprofile measurement.
The thickness profile from the center of the Cu deposit to the edge was measured
by a Dektak III profilometer. For each sample, three measurements along three different
radial directions were made. For each experiment, at least three samples were made to
evaluate data reproducibility.
The rotating disk electrode provides a means of easily achieving uniform and
reproducible mass-transfer rates to an electrode surface. The shield, which rotates with
the disk, can be anticipated to have an impact on the near-surface hydrodynamics and
mass transfer.

We have characterized mass transfer experimentally using a ferri-

ferrocyanide redox couple to show that the effective mass-transfer-boundary-layer
thickness scales with the inverse of the square root of rotation speed, as predicted by the
Levich equation. This provides a measure of the spatial average. Electropolishing of
copper under conditions of mass-transfer control [86], followed by profilometry, provides
a means of mapping out the uniformity in mass-transfer rate.
To measure the Levich plots, a nickel rotating disk electrode (RDE) with the same
radius ro = 10 mm was made by electrodepositing a Ni film on the WE (same WE
preparation process as described above) from a Watts (sulphate/chloride) nickel bath at a
cathodic current density of -10 mA/cm2 at 60 °C for ~90 min with a rotation speed of 400
rpm. This process is reported to result in ~20 𝜇m Ni coating [85]. Then the Ni RDE was
immersed in an electrolyte with 1 mM potassium ferricyanide (K3[Fe(CN)6], Fisher
Scientific), 10 mM potassium ferrocyanide (K4[Fe(CN)6], Fisher Scientific) and 0.5 M
potassium carbonate (K2CO3, Fisher Scientific). A series of linear sweep voltammetry
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experiments were conducted from 0 V vs CE (a Pt wire) to -1.2 V vs CE for different
rotation speeds. The same procedures were carried out for the shield-modified RDE with
different shield-to-RDE distances.
For electropolishing experiments, a 5000 nm thick Cu film was deposited onto a
Pt RDE (Fisher Scientific) from a plating bath containing 0.63 M CuSO4 and 0.3 M
H2SO4 using a shield design that yields a relatively uniform current distribution. Then the
RDE was moved to an electropolishing bath containing concentrated phosphoric acid (85%
H3PO4, Fisher Scientific) and the electropolishing potential determined from a linear
sweep voltammetry experiment was applied. The electropolishing time was adjusted in
order to oxidize approximately 1000 nm of Cu deposit. Then the sample was removed
from the electropolishing bath, washed with DI water and dried with pure N2. Current
distribution was then measured as described above.

Results and Discussion
Fig. 2a shows three experimental measurements along different radial directions
from the center to the edge of a sample. The three measurements of the sample thickness
indicate that the data are comparatively reproducible. Thus the average is a reliable
representation of the experimental data. The local thickness of the deposit is proportional
to its local current density through Faraday's Law assuming 100% current efficiency.
Therefore, current distribution data from simulation can be compared with experimental
measurements after normalizing both of the data sets over their own average values
respectively. Here the average thickness of the experimental results is the linear average:
!

𝜆!"# = !
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!
! 𝜆!

(7)

in which 𝜆!"# is the average thickness, N is the number of measured data points and is
equal to 101, and 𝜆! is the thickness at the ith data point. The simulation results are then
calculated in the same way to obtain the average value:
!(!)

!!!!
!!! !

=

! !" /!!

!
!

!
!!(! )!
!

≈

!.!"
!
!!(! )!

(8)

!

In contrast, when simulating in axisymmetric coordinates, the spatial average
current density is properly calculated using
!(!)

known result !

!"#

=

!.!
!!! ! !! !

!!!!
!
𝑖
!! ! !!!

𝑟 𝑟𝑑𝑟 which yields the well-

[90]. The Equation 8 is used here to reflect how thickness

measurements may be more commonly analyzed. Fig. 2b shows that the experimental
data and simulation results are in good consistency after normalization.
The distance between the shield and the coupon surface h and the inner radius of
the shield rho were found to be the two most important geometric factors. Fig. 3a shows
multiple simulation results for various h/ro. Fig. 3b provides a summary of results by
showing the minimum normalized thickness and the standard deviation for the
corresponding conditions used in Fig. 3a. Here the standard deviation s of normalized
thickness is defined as below:
𝑠=

!
!!!

! !!
! (!

!"#

− 1)!

(9)

Depending on the application, the minimum thickness or the standard deviation may be a
more relevant figure of merit. Low s and large 𝜆!"# /𝜆!"# are indications of better
current-distribution uniformity. As shown in Fig. 3a, the predicted thicknesses increase
significantly near the edge (r/ro > 0.90) and are comparatively flat where r/ro < 0.75. As
the normalized distance h/ro increases, the normalized thickness profile approaches the
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result without a shield. As seen in Fig. 3b, the standard deviation has a minimum value at
h/ro = 0.15 while the minimum normalized thickness reaches a highest value at h/ro =
0.35. Combining these two results, h/ro between 0.25 and 0.30 appears to be a good range.
Experimentally, since the distance between the shield and the substrate h was controlled
by the number of plastic nuts (each is 1.2 mm thick), h/ro was set to 0.24.
As a point of comparison, the standard deviation without the shield is 0.53 and its
minimum normalized thickness is 0.64. As seen in Fig. 3b, as h/ro increases beyond 0.8,
the standard deviation and minimum thickness approach the values without a shield,
indicating that the influence of the decreases as it is further away from the substrate.
Following a similar process as described above, the optimum inner radius of the shield
rho/ro was determined to be in a range between 0.8 and 0.9.
Fig. 4 shows predicted and measured normalized thickness profiles after plating
with a shield with h/ro = 0.24 and rho/ro = 0.8. Experimentally, the estimated Wa = 0.394,
and the kinetics resistance thus leads to an improved current distribution compared to that
predicted for a primary current distribution (Wa = 0). Compared to the results without a
shield, a more uniform current distribution is achieved. Fig. 5 shows the comparison
between experimental and simulation results of normalized thickness profiles when
plating with the shield at different distances away from the substrate. Three distance
values (h/ro = 0.12, 0.24, 0.36) have been investigated. Experimental results suggest that
the distance of h/ro = 0.24 leads to a more uniform current distribution.
Fig. 6 shows the current distribution results for electroplating with the shields
having different inner radii rho. As predicted by the simulation, the experimental data
show that rho/ro = 0.8 results in a more uniform current distribution with a standard

	
  

74	
  

deviation of 0.28 and minimum normalized thickness of 0.94. For a larger inner radius of
rho/ro = 1, the normalized thickness profile possesses a similar shape yet with a higher
degree of non-uniformity (higher standard deviation of 0.35 and lower minimum
normalized thickness of 0.90). However, for a smaller inner radius of rho/ro = 0.5, the
thickness profile has an above-average film thickness both in the center area (r/ro < 0.4)
and the area near the edge (r/ro > 0.9). Consequently, the current distribution is
characterized by a higher standard deviation of 0.41 and a lower minimum normalized
thickness of 0.77. Therefore, other conditions held constant, rho/ro = 0.8 was confirmed
experimentally to lead more uniform current distribution results.
Fig. 7 shows the Levich plots for Fe(III) reduction in the K2CO3/K3[Fe(CN)6]/
K2[Fe(CN)6] electrolyte with and without the shield. The slopes of all Levich plots from
linear regression (with lines forced through the origin) are listed in the figure. The
diffusion-limited current density on the Ni RDE without the shield is described by the
Levich equation:
|𝑖! | = 0.620𝑛𝐹𝐷! ! 𝜔 ! ! 𝜈 !! ! 𝑐! = 𝑘𝜔 !

!

(10)

in which k is the slope of the plot, n = 1, D is the diffusion coefficient of the Fe(III)
complex, 𝜔 is the rotation speed, 𝜈 is the kinematic viscosity (0.011cm2/s), and 𝑐! is the
bulk concentration of the Fe(III) complex (1 mM).
In Fig. 7, when there is no shield, the calculated diffusion coefficient of the Fe(III)
ion from the slope k = 0.033 is 4.20×10-6 cm2/s, similar to the reported value of 3.99×106

cm2/s[85]. The shield with the closest normalized distance from the substrate (h/ro =

0.12) results in a slope of 0.060. As the distance increases, the slope decreases. When the
normalized distance reaches 0.48, the slope approaches the value when there is no shield.
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Since the presence of the shield does not change the physical properties (D and 𝜈) of the
same electrolyte, the change in the slope is the result of modification of the diffusion
boundary-layer thickness. Generally, the mass transfer controlled current density can be
used to estimate an average diffusion boundary-layer thickness 𝛿
|𝑖! | = 𝑛𝐹𝐷

!!
!

(11)

When h/ro < 0.48, the shield has an impact on the mass transfer rate of the ions flowing to
the substrate. The results in Fig. 7 show the impact of the shield on the mass-transfer
controlled spatial-average current density, but does not provide a measure of the radial
variation.
Fig. 8 shows the comparison of the normalized thickness profiles of the Cu
deposit that is removed by mass-transfer controlled electropolishing. Without a shield,
the removal rate is relatively uniform as predicted by Levich. Results are shown for two
distances h as well as two shield-thicknesses t. While t has negligible influence on the
secondary current distribution, it has an impact under mass-transfer controlled conditions
with an increased thickness resulting in an increased deviation in mass-transfer
uniformity. As shown in Fig. 8, in the absence of the shield, the thickness of the
electropolished Cu is comparatively uniform (s = 0.27). However, when a shield is
installed, the electropolishing rate in the center area (r/ro < 0.4) is lower than the outer
area. As distance increases, the profile becomes comparatively more uniform. When h/ro
= 0.36 and t/ro = 0.15, the electropolished-Cu-thickness profile is the most uniform
among the tested conditions. Also to be noticed is that for all of the shielded cases, a
maximum mass transfer rate is reached at r/ro = 0.8 which corresponds to the edge of the
inner hole of the shield.
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The results in Fig. 7 and 8 show that the shield influences the mass-transfer
behavior of the electrolyte near the substrate surface. This is important because the
impact of additives such as levelers may be a strong function of mass-transfer rate[79].
Furthermore, the initial interactions between suppressors and accelerators in Cu
deposition may depend on mass transfer[91]. Thus, the impact of the shield on the
additive mass transfer may be a consideration even when operating at a small fraction of
the limiting current density.

Conclusions
The effect of an insulating shield on the current distribution on a modified
rotating disk electrode was investigated by both simulation and experiments. Results are
consistent and show that the insulating shield can improve current distribution uniformity.
A practical way to install the shield into the plating cell is discussed. Two geometric
parameters of the shield (inner hole radius rho and distance between the shield and the
substrate surface h) have significant impact. When the insulating shield is close to the
surface of the substrate (h/ro < 0.48), the mass-transfer rate to the surface is altered and is
nonuniform. This may be significant if operating at large fractions of the limiting current
density or if the influence of plating additives on deposition rate is a strong function of
mass transfer.

List of symbols
rs: outer radius of the shield in unit mm
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rho: inner radius of the shield in unit mm
ro: radius of the working electrode in unit mm
i: local current density in unit mA/cm2
𝜅: electrolyte conductivity in unit S/m
𝜙: electrical field in the electrolyte
n: normal unit vector
ic: applied current density in unit mA/cm2
Ac: surface area of the working electrode in unit cm2
Aa: surface area of the counter electrode in unit cm2
z: axial coordinate
io: exchange current density in unit mA/cm2
𝛼! : cathodic charge transfer coefficient
F: Faraday constant, 96485 C/mol
V: potential on the working electrode in unit V
T: temperature in unit K
R: gas constant, 8.314 J/(K∙mol)
Wa: Wagner number
H: distance between the anode and the cathode in unit mm
𝜆!"# : linear average of thickness profile of copper deposit in unit nm
N: number of data points of each thickness profile
𝜆! : thickness of the copper deposit at ith data point in unit nm
s: standard deviation of normalized thickness
𝑖!"# : linear average of current-density profile
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r: radial position away from the center in unit mm
k: slope of Levich plot
n: number of electrons exchanged in reduction reaction in measuring Levich plots
D: diffusion coefficient in unit cm2/s
𝜔: rotation speed of RDE in unit rpm
𝜈: kinematic viscosity in unit cm2/s
𝑐! : bulk concentration of the Fe(III) complex, 1 mM
iL: limiting current density in unit mA/cm2
t: thickness of the shield in unit mm
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Figure 1

(a)

(b)

Figure 1. The schematic diagram of the plating cell with an insulating shield used in simulation (a)
and the actual plating cell setup used for experiments (b).
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Figure 2

(a)

(b)

Figure 2. (a) Three measurements of the deposit thickness-profile on a single sample. "Average
experimental data" represent the average of the above three measurements. The sample was
deposited without a shield at Wa = 0.394. (b) Comparison between normalized experimental data
and normalized simulation data for current distribution. Wa = 0.394.
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Figure 3

(a)

(b)
Figure 3. (a) Normalized thickness profiles for different shield-to-substrate distances assuming
Wa = 0. For reference, results are also shown for a primary current distribution on a disk without
a shield. The radius of the inner hole of the shield is fixed at rho/ro = 0.8; (b) Minimum
normalized thickness and standard deviation of the simulation results for the corresponding
thickness profiles in (a).
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Figure 4

Figure 4. Comparison of simulation and experimental results (Wa = 0.394) for h/ro = 0.24 and
rho/ro = 0.8 and for a shield-free RDE. To emphasize the impact on uniformity of electrode
kinetics, the simulation results when Wa = 0 are also shown.
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Figure 5

Figure 5. Comparison of simulation and experimental results for rho/ro = 0.8, Wa = 0.394 and
three shield distances h/ro.
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Figure 6

Figure 6. Comparison of simulation and experimental results for different inner radii (rho/ro = 0.5,
0.8, 1.0) with h/ro = 0.24 and Wa=0.394.

	
  

85	
  

Figure 7

Figure 7. Levich plots for Fe(III) reduction on the Ni RDE. Four shield-to-substrate distances
were investigated: h/ro=0.12, 0.24, 0.36 and 0.48, while rho/ro = 0.8.
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Figure 8

Figure 8. Comparison between normalized mass-transfer rates obtained by electropolishing with
and without a shield. In all cases, rho/ro = 0.8.
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Table 1
Geometric parameter

Value (mm)

Radius of the insulating coupon holder, R

50

Distance between the anode and the cathode, H

50

Radius of the shield, rs

30

Thickness of the shield, t

3

Radius of exposed area on the wafer coupon, ro

10

Radius of inner circular hole of the shield, rho

To be optimized

Distance between the shield and the wafer coupon surface, h

To be optimized

Table 1. Geometric parameters for the plating cell with an insulating shield.
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Chapter 6

Design of Plating Cells for Aging Analysis of Copper Electrodeposition
Additives4

Abstract
In order to provide quick detection of additive aging and to investigate the
impacts on aging resulting from cathodic and anodic reactions during electrodeposition in
a lab scale, three copper plating cells with separate catholyte and anolyte compartments
were designed and fabricated. The aging behavior of bis-(3-sulfopropy) disulfide (SPS)
was then studied using these cells to test the feasibility of each cell, and it was confirmed
that catholyte and anolyte influence the aging of SPS differently.

Introduction
In the current semiconductor industry, the material for fabricating interconnects
that connect the millions of components (transistors and capacitors) within
microelectronic devices is switching from aluminum (Al) to copper (Cu) due to the high
electrical conductivity as well as the superior resistance to electromigration of Cu [11-15].
Cu interconnects are formed within features (trenches and vias) on the substrate by
electrodeposition of Cu from an acidic electrolyte solution (called plating bath)
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containing cupric sulfate (CuSO4) [17, 18]. It is known that adding small amounts of
certain organic additives to the electrolyte is able to facilitate the bottom-up fill (or
“superfill”) of Cu within features that can lead to Cu electrodeposition without defects
[37, 47, 61, 92]. Organic additives have been extensively studied in terms of
electrodeposition. However, academics have paid scant attention to the evolution in bath
composition with time (additive aging) during Cu electrodeposition, and that is actually
an important commercial consideration in selection of an additive. A well-engineered
additive package must work well initially and should “age gracefully”.
Since aging of organic additives greatly threatens the stability of the Cu
electrodeposition process, convenient aging tests would allow for a screening metric for
rapid assessment of candidate organic additives. In short, there is a desire to rapidly
screen for aging of any additive that has been identified as promising to be used in Cu
plating baths. We thus designed and fabricated three aging-analysis cells with separate
catholyte and anolyte compartments in a step towards fulfilling the above requirements.
The aging behavior of bis(3-sulfopropyl)-disulfide (SPS), a common plating additive that
is known to age during Cu electrodeposition [40, 93], was studied with these three cells.
The advantages and disadvantages of each aging-analysis cell were discussed with
preliminary aging results.

Experimental
Fig. 1 shows the first design of the aging-analysis cell (Cell 1). Fig. 1a describes
the complete view of the aging analysis apparatus. It is a three-electrode system based in
a beaker with an electrolyte volume of 1 L. The cathode or working electrode (WE) was a
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piece of Cu foil attached to a conductive rotating holder using Cu conductive tape. A
Kapton tape was used to define the exposed area of the WE. A silver-silver chloride
(Ag/AgCl) reference electrode (RE) was used to indicate the potential of the WE. A
cuboid-shaped cell made from plexiglass (ePlastics) was placed in the beaker to be used
as an anolyte compartment while the remaining space in the beaker was treated as a
cathodic compartment. The anode or counter electrode (CE) was a piece of Cu plate with
exposed area, and was placed at the bottom of the anolyte compartment. A thin tube with
an inner diameter of 1 mm was installed through the lower part of the sidewall of the
anolyte compartment to allow for the anode to be electrically connected the anode to the
power supply from the outside. Another thicker tube with an inner diameter of 8 mm was
installed through the higher part of the sidewall for transferring anolyte to the anolyte
compartment. The top of the anolyte compartment was covered by a Nafion®
perfluorinated membrane (Sigma-Aldrich), a proton exchange membrane, to block the
transfer of organic additive molecules between the catholyte and anolyte compartments.
This is the key part of separating the anolyte and catholyte. In order to avoid water
leaking from the edge of the membrane, a flange water sealing design was applied to
integrate the membrane to the anolyte compartment. As shown in the detailed view in Fig.
1a, the proton exchange membrane was placed between two pieces of latex rubber films
(rubbersheetroll.com), and then the sandwich structure was tightly pressed by two flanges,
the bottom one stuck to the anolyte compartment and the top one used as a cover, with
eight plastic screws. The top-down view of the flange cover is shown in Fig. 1b.
Fig. 2 shows the design of the second aging-analysis cell (Cell 2). Rather than
placing the anolyte compartment within a beaker (catholyte compartment), the catholyte
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and anolyte compartments are two identical cuboid-shaped cells made from plexiglass. A
square opening was made at the same position on one of the sidewalls of each
compartment. These two sidewalls acted as “flanges” and were pressed together towards
the sandwich stack of “latex rubber film – proton exchange membrane – latex rubber film”
between them (show in the detailed view in Fig. 2a) tightly with the screws around the
opening. Fig. 2b presents the sidewall that connects the two compartments. While the RE
and CE are the same as used in Cell 1, the WE in this setup was changed to a Cu rotating
cylinder electrode (RCE) in order to provide direct facing of the WE towards the CE.
Fig. 3 shows the third design of aging-analysis cell (Cell 3). It is similar to the
second design in Fig. 2. However, instead of pressing the corresponding sidewalls with
openings of the two compartments together with plastic screws in Cell 2, in Cell 3, the
proton exchange membranes were firstly attached to cover the opening of one sidewall by
Kapton tape, and then the two sidewalls with corresponding openings were permanently
glued together with silicon glue and sealant (shown in the detailed view in Fig. 3a).
Again, Fig. 3b is a view facing the sidewall with the squared opening. All the other parts
of this third design are the same as Cell 2.
After fabricating the three cells, the first step was to check the water leakage of
each whole setup as well as that of the connecting part between the catholyte and anolyte
compartments of each design. In each setup, deionized (DI) water was added to both
compartments while two drops of food coloring in red were only added to the anolyte
compartment. The food coloring was utilized since its molecule cannot diffuse through
proton exchange membranes. In this way, the water leakage of the whole setup can be
determined by the leaked water drops outside the walls of the apparatus while the leakage
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of the connecting part can be noticed by the coloring of the DI water in the catholyte
compartment. The water leakage test was conducted for 24 hours. The results showed
that no leakage was found in Cell 3 while the flange-water-sealing part in Cell 1 and 2
needed more cautious treatment in order to prevent the exchange of catholyte and anolyte
through the screw holes.
To test the feasibility of the three cells for lab-scale aging analysis, a galvanostatic
process was adopted. The base electrolyte consisted of 0.3 M cupric sulfate (CuSO4), 0.8
M sulfuric acid (H2SO4), 300 ppm polyethylene glycol (PEG), 1.4 mM hydrochloric acid
(HCl), and 30 ppm SPS, and was added to both compartments of each cell with the same
volume. The area of the WE and CE was kept the same (4 cm2) to ensure the same
current density during the aging test. The three electrodes (WE, CE, and RE) were
connected to an EcoChemie type III µ Autolab potentiostat that controlled the aging
process. The aging experiment was carried out under a constant current of 0.16 A that
resulted in a current density of 40 mA/cm2 on the surface of the WE and CE. The aging
behavior of SPS was monitored by separately sampling 1 mL of catholyte and 1 mL of
anolyte at the same time along a series of equal spaced time points. The length of the time
interval was calculated to correspond to 1 A ∙ h/L, as A ∙ h/L is a common 0th-order
metric to gauge bath life.
The concentration of SPS in the electrolyte was determined by a cyclic
voltammetry method. A series of standard electrolytes with the same compositions as the
base solutions stated above except for various known concentrations of SPS were made.
Each of the standard electrolytes underwent a cyclic voltammetry process with a WE of
platinum Pt rotating disk electrode (RDE), a RE of Ag/AgCl electrode, and a CE of a Pt
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wire. The area of the peak of the Cu stripping curve that is proportional to SPS
concentration was recorded for each standard electrolyte, and a quantitative relation
between the area of the peak and SPS concentration was established. As for the sample
electrolytes, the same cyclic voltammetry process was carried out after diluting the
electrolytes to 10 mL with DI water. The corresponding SPS concentration was thus
derived by comparing the area of the Cu stripping peak to the standard “SPS
concentration vs Peak area” curve.

Results and Discussion
The aging results from Cell 1 are shown in Fig. 4. Since the whole anolyte
compartment was immersed in the catholyte, the anolyte could not be sampled during the
aging experiment. Instead, only the catholyte was periodically sampled. As indicated in
Fig. 4, the initial SPS concentration measured though cyclic voltammetry method was
~27 ppm. However, at 2.2 A ∙ h/L, the contact between the Cu wire and the CE was
corroded away due to unexpected exposure of the Cu wire to the anolyte, leading to the
shut down of the aging experiment. The SPS concentration at 2.2 A ∙ h/L was ~19 ppm,
at least showing a decreasing trend of SPS concentration in the catholyte. Considering the
complexity of the setup and easy-to-corrode contact between the Cu wire and the CE, no
further aging experiments were conducted using Cell 1. However, the outstanding
advantage of this design lies in its capability of generating a symmetric electric field
between the WE and CE by allowing them to be placed horizontally and directly facing
each other at the same time.
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Fig. 5 shows the evolution of SPS concentration during the aging experiment
carried out in Cell 2. The parallel arrangement of the two compartments both with a wide
opening proves convenient for adding and sampling electrolytes during the aging process.
The Cu wire in the anolyte compartment was well protected to ensure that the experiment
proceeded smoothly. By comparing of the two SPS concentration profiles from catholyte
and anolyte in Fig. 5, it indicates that the cathodic reaction (𝐶𝑢!! + 2𝑒 → 𝐶𝑢) affects the
aging of SPS differently from the anodic reaction (𝐶𝑢 → 𝐶𝑢!! + 2𝑒). Specifically, the
concentration of SPS in the catholyte decreases almost linearly with time while there is
only a slight decrease in SPS concentration in the anolyte. And such concentration
decrease from the anolyte may even be less obvious when considering the experimental
error. The results in Fig. 5 suggest the feasibility of Cell 2 to be used for the lab-scale
additive aging study.
The aging results from Cell 3 have not been obtained so far. However, since Cell
3 has the same arrangement of the catholyte and anolyte compartments as Cell 2 expect
for the minor difference in handling the separation of the two compartments, we
anticipated success of this cell. The main reason to introduce Cell 3 is due to its stability
and simplicity for aging experiments before the proton exchange membrane broke down.
In Cell 2, although the screws allow for the frequent change of proton exchange
membrane, largely extending the use life of the cell, the installment and un-installment
processes turned out to be rather difficult in terms of avoiding the exchange of the
anolyte and catholyte within the cell. Therefore, as long as the proton exchange
membrane remains effective in Cell 3, Cell 3 might possibly lead to more accurate results
of how the two electrode reactions affect the aging of additives separately.

	
  

95	
  

Conclusions
Three novel cells in which anolyte and catholyte compartments were separated by
a proton exchange membrane were designed and fabricated. The aging results obtained
from Cell 1 and Cell 2 both suggest that the cathodic reaction tends to decrease the
content of SPS, consistent with the literature. However, the results from the anolyte from
Cell 2 also indicate that the anodic reaction does not have an obvious impact the aging of
SPS. Furthermore, Cell 2 proved to be a more promising tool in the additive aging study
than Cell 1.
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Figure 1

(a)

(b)

Figure 1. Design of the first aging-analysis cell (Cell 1). (a) side view of the whole apparatus; (b)
top-down view of the flange cover.
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Figure 2

(a)

(b)

Figure 2. Design of the second aging-analysis cell (Cell 2). (a) side view of the whole apparatus;
(b) front view of the sidewall with an opening.
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Figure 3

(a)

(b)

Figure 3. Design of the third aging-analysis cell (Cell 3). (a) side view of the whole apparatus; (b)
front view of the sidewall with an opening.
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Figure 4

Figure 4. Aging results of SPS concentration evolution from Cell 1.
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Figure 5

Figure 5. Aging results of SPS concentration evolution from Cell 2.
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Chapter 7

Conclusions

In the first part of this thesis, we explored how to improve the direct copper
electrodeposition technique by introducing different inorganic species to plating baths
with traditional additives. The most important findings include:
(1) The iron redox couple is found to result in 3 to 5 time increase in the nucleus
density on both glassy carbon and ruthenium-coated wafer. The impact of the iron redox
couple on the overpotential may partially but not fully explain the nucleus density results.
In addition, lower CuSO4 concentration tends to result in higher nucleus density in the
presence of the suppressor PEG but exhibits an opposite trend in the presence of the
suppressor EPE.
(2) For novel barrier materials produced by plasma enhanced atomic layer
deposition (PEALD) method, the impact of the iron redox couple on increasing copper
nucleus density during galvanostatic Cu electrodeopsition remains similar to the results
on other substrates, with an increased density of 3 to 4-fold.
(3) Na2SO4, K2SO4, and MgSO4 can also affect Cu nucleus density when added to
the plating baths, with Na2SO4 increasing nucleus density by a factor of 1.5 to 2, K2SO4
increasing by an even bigger factor of 4 to 5, and MgSO4 having not significant impact.
The resulting overpotential-change due to the three salts may account for and predict the
impact on the increase of Cu nucleus density.
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In the second part of this thesis, we focused on designing better lab-scale
experimental tools for investigating electrodeposition additives. Specifically, we
implemented an insulated shield to the rotating disk electrode to enhance thickness
uniformity of deposited thin metal films, and we designed cells with separate anolyte and
catholyte compartments for aging analysis on electrodeposition additives. The key
conclusions include:
(1) Simulation and experimental results of adding an insulated shield to the
rotating disk electrode are consistent and show that the insulating shield can improve
current distribution uniformity. A practical way to install the shield into the plating cell is
discussed. Two geometric parameters of the shield (inner hole radius rho and distance
between the shield and the substrate surface h) have significant impact on the
performance of the shield. When the insulating shield is close to the surface of the
substrate (h/ro < 0.48), the mass-transfer rate to the surface is altered and is nonuniform.
This may be significant if operating at large fractions of the limiting current density or if
the influence of plating additives on deposition rate is a strong function of mass transfer.
(2) Preliminary aging analysis results from the three fabricated aging-analysis
cells are consistent with the literature. Two of the designs may become practical tools for
rapid screening of the aging additives.
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